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1.0 SUMMARY OF SIGNIFICANT ACCOMPLISHMENTS

The significant accomplishments from this research
project fall into five areas.
1.1 Real time observations in the scanning electron
microscope have delineated the details of the fracture
processes that result in mode I and mode II delamination of
composite materials. These observation give clear
explanation of why GIIC/GIC ratio for brittle materials is
3.0 or larger while for ductile materials it is closer to 1.1
These 1in-situ observations of fracture also indicate that
distinctively different damage zones develop ahead of growing
cracks for mode I and mode II delamination.
1.2 Two technigues have been developed to measure the
strain field around a crack tip. Stereo-imaging and direct
measurement of distortion of a fine array of dots placed on
the surface have both been found to be effective in measuring
the strain field around a crack tip. One of the surprising
results from these measurements is that the local strain to
failure at the crack tip is much greater than the elongation
measured in a tensile test (48% versus 8% for Hexcel F185).
1.3 A linear, orthotropic finite element code has been
used to calculate the stress fields around the crack tip for
mode I and mode II loading. The relative size and shape of
the stress fields for these two different loading conditions
explains the different sizes and shapes of the
damage/deformation zones see in-situ (as noted in 1.1). A

phenomenological model has been developed to try to explain

1




why G;. and G, for delamination of a composite material

made from a tough resin are so much lower than the neat resin
GIC'
1.4 A J-integral approach for mode I has been used to
investigate the delamination of multi-directional composites.
A comparison of the end notch flexure test and the loaded

flexure test for measuring G has found that they give

IIc
consistent results. A J~integral approach for the
measurement of Ji1e for composites made from more ductile
resin has been developed. Initial results wusing this

approach look very promising for characterizing systems which
previously could not be characterized with conventional
analyses.

1.5 A combination of in-situ fracture observations with
postmortem fractography has clarified some long standing
questions with regard to fractographic interpretation in

failure analysis.

2.0 OBJECTIVES

The objectives of the research program whose results
are summarized in this report have been:
2.1 to better define the deformation and fracture physics
of delamination fracture in graphite/epoxy composite
materials so that realistic micromechanics models of matrix

dominated fracture can be developed; and

2.2 to develop reliable experimental and analytical
techniques to measure mode I, mode 1II, and mixed mode
2




delamination fracture toughness of both unidirectional and
multidirectional «composite laminates to provide meaningful
design parameters and benchmarks against which predictions of

the various micromechanics models may be tested.

3.0 SUMMARY WORK STATEMENT

The following areas of work have been performed to
achieve the stated objectives.
3.1 In-situ fracture studies in a scanning electron
microscope (SEM) have been undertaken to better define the
deformation and fracture processes which accompany mode I and
mode II delamination fracture.
3.2 Two techniques to measure the displacement fields
around crack tips in neat resins and composites from direct
observations made 1in the scanning electron microscope hkave
been developed and utilized.
3.3 A simple phenomenoclogical model consistent with
observations made in 3.1 and 3.2 which 1is capable of
predicting the results obtained in 3.4 is being developed.
3.4 Testing and analytical techniques have been developed
for characterizing mode I, mode II, and mixed mode
delamination of split laminates which give very nonlinear
load-displacement curves; e.g. ones made from more ductile
resins and/or split laminates with multi~directional layups.
3.5 The results from the in-situ observations of fracture
in the SEM have been utilized in conjunction with post-mortem

fractography to develop a failure analysis methodology.




4.0 SUMMARY OF ACCOMPLISHMENTS BY AREAS STATED IN WORK
STATEMENT
4.1 In-Situ Fracture Observations

A summary of significant results will be given in this
section with more complete results and discussion available
in the twelve papers that have been published based on this
work. These papers are listed in section 5.0 with copies of
each in Appendix II.

In this research progranm, in-situ fracture
observations have been made for both neat resin loaded in
mode 1 and graphite/epoxy composite materials loaded to give
mocde I and mode II delamination. The primary objective of
these observations have been to determine the crack tip
processes that lead to fracture and to relate the size and
shape of the damage zone observed around the tip of a growing

crack to the macroscopically measured fracture toughness.

4.1.1 In-Situ Observations in SEM of Fracture of Neat Resins

In-situ observations of neat resin fracture have been
made on standard 0.5T compact tension specimens (see
ASTM—E3991), except that the thicknesses were typically about
3-4 mm rather than the specified 12.5 mm,.

Typical in-situ fracture observations are presented in
Fig. 1 for the relatively brittle resin Hercules 3502 (highly
crosslinked epoxy) and for the much more ductile Hexcel F185

{moderately crosslinked epoxy with 14% rubber added to




enhance toughness). The very fine microcracking observed in
these figures 1is due either to deformation and fracture of
the 150A thick gold/palladium film that is sputter coated
onto the polished surface of the neat resin compact tension

specimens to avoid charging or real microcracking in the

specimen. It has been determined that the film microcracking
begins at about 3-5% tensile strain. (This was done by
coating a rubber band and stretching it in the SEM.) Thus,

the microcracked zone gives some indication of the volume of
material surrounding the crack tip which experiences either
significant deformation (at least 3%) or real resin
microcracking.

F185 Resin--The "butterfly wings" pattern of the
microcrack distribution as well as the very fine scale of
cracking in the in-situ observations of fracture of F185 neat
resin (Fig. 1) indicate this to be wonly film cracking
resulting from the considerable plastic deformation occurring
in this wvery ductile resin prior to crack advance. A
comparison of the fracture surface of the F185 observed post
mortem to the fracture surface of the 3502 which fails
brittlely clearly 1indicates that the F185 experiences a
ductile fracture (see Fig. 2). This further substantiates
our contention that the microcracking observed in-situ in the
F185 is coating microcracking due to resin deformation.

The viscoelastic nature of the Hexcel 185 resin gives
a very discontinuous crack growth behavior, as seen in Fig.3.

The initial loading is occurring under displacement control




Figure 1.

In-situ fracture of (a) 3502 (4300X) and (b)
F185(1000X). The white region along the crack
is due to charging of uncoated resin, exposed
by the fracture process. The point lines
especially evident in the 3502 arc polishing
scratches introduced during specimen
preparation.
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at a very slow rate. Crack tip deformation and blunting are
noted, with the deformation zone indicated by the
microcracking of the 100A thick gold/palladium film. Once
the strain in the crack tip reaches a critical value, a sharp
crack emerges from the blunted notch. The material is unable
to support this slightly longer and much sharper crack at its
current load level. Furthermore, the blunting process
previously observed requires some time to be realized, time
which was formerly provided by the slow, monotonic loadup.
With the specimen now already at full load, the crack will
tend to propagate wunstably and quickly with much less
deformation until the specimen unloads sufficiently to give
crack arrest. For slow monotonic loading in displacement
control, this process of crack tip blunting, rapid advance,
and arrest will be repeated many times.

Post-mortem fractography of the F185 specimens
indicates a considerable difference in the amount of
deformation that occurs duringj unstable crack propagation as

compared to reinitiation of <c¢rack growth during monotonic

loading (in displacement control). The individual
"platelets” seen in Fig. 2 represent unstable advance of the
crack tip. (Compare the length of unstable crack advance in
Fig. 3 to platelet size 1in Fig. 2.) The steps between

"platelets"” are the result of the crack tip blunting that
occurs during reloading to give further crack advance.
Ductile fracture 1is indicated for both, but the amount of

deformation is much 1less during rapid crack advance. The
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Post-mortem fractography of ia) 2000x, 3502 epoxy resin, and (b)

1000%, F185 epoxy resin,

Figure 2.







fine holes are due to cavitation of the rubber particles
added to the F185 resin to enhance toughness.

3502 Resin--The microcracking in the brittle 3502 is
much more localized around the crack tip, and the observation
of these microcracks in real time 1indicates that they
coalesce to give macrocrack advance, as seen in Fig. 2. With
a monotonic increase in mouth opening displacement,
microcracking around the crack tip develops which partially
shields the crack tip, reducing locally the «crack tip
stresses. However, once these microcracks coalesce giving
local crack tip advance, unstable crack growth follows due to
the presence of the new sharp crack tip without the benefit
of microcrack shielding. Advance proceeds under displacement
control wuntil sufficient unloading occurs that the running
crack arrests. Subsequent quasi~static, monotonic increase
in the mouth opening displacement again causes the formation
of new microcracks surrounding the <crack tip, with the
density increasing with mouth opening displacement until
coalescence occurs, again giving additional, unstable crack
extension.

The river pattern seen in Fig. 2 is due to coalescence
with growth of the many microcracks that develop in the
vicinity of the «crack tip during guasi-static, monotonic
loading. Once coalescence has occurred, the crack advances
rapidly to the new arrest location, with little opportunity
for new microcrack formation. The river patterns that form

at the arrest lines as well as the almost smooth fracture
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surface in between arrest 1lines strongly supports the
scenario just presented for <crack growth in brittle resin
systems.

Comparison of 3502 and F185 Resins--The relative
deformation/damage =zone Sizes seen in Fig. 1 for F185 and
3502 resins may be better wunderstood by comparing the
constitutive behavior of the two materials as determined in
tensile tests, the results of which are presented in Fig. 4.
It is clear that the lower yield strength of the F185 as well
as the much more nonlinear constitutive behavior combine to
give a much larger deformation zone and much greater load
redistribution away from the <crack tip, postponing the
fracture event. The result is a much greater resistance to
crack propagation, and thus, a much greater macroscopically
measured fracture toughness.

It should be -emphasized that the strain to failure
measured in tensile tests greatly underestimates the local
strain to failure in the crack tip region. For example, the
F185 resin gave 8-9% elongation in a 2.5 cm gage length. By
contrast, the local strain to failure as measured in a 10
micron gage length at the ¢tip of the crack indicated 48%
strain (as will be explained in more detail in section 4.2 of
this report). 1In similar fashion the tensile elongation in a
2.5 cm gage length of 3502 resin was only 1.5% whereas the
elongation measured in a 10 micron gage length at the tip of
a mode I delamination crack was 15%. However, to the degree

that crack tip strain to failure is some constant times the
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tensile elongation, or more likely times the nonlinear
component of the tensile elongation, tensile data may still
be useful to rank resins, though the tensile elongation would
obviously not be a useful fracture parameter in a

micromechanics model.

4.1.2 IN-SITU OBSERVATIONS IN SEM OF DELAMINATION FRACTURE

OF COMPOSITE MATERIALS

Direct observation of the delamination fracture
process in composite materials allows one to determine the
micromechanical processes responsible. For example,
delamination c¢rack growth may occur by interfacial debonding
or by resin cracking, as seen in Fig. 5. Furthermore, the
size and shape of the deformation/damage zone is seen to be
quite variable, depending on both the resin toughness and the
state of stress (i.e., mode I, mode II, or mixed mode).

Figure 6 presents in-situ fracture observations of the
deformation/damage zone sizes for mode I and mode II
delamination fracture of brittle AS4,/3501-6. The extent of
the damage zone ahead of the crack tip is much greater for
the mode 1II 1loading than for the mode I loading. A much
slower decay in the stress field ahead of the crack tip (to
be reported in section 4.3 of this document) for mode II
loading than for mode I loading is responsible for the
difference in the respective damage zone sizes.

The deformation/damage zone for mode I and mode II

delamination fracture of the much more ductile T6T145/F185 is

13
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Figure 5

Crack extension by resin fracture and

interfacial debond are seen in three
composites made with ductile resins.
AS41Q6, Dow Chemical (1100X)1l; (b}
T6T145/F185, Hexcel (1000X), and (c)
T6145/F155, Hexcel (1200X).
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seen in Fig. 7. It is obvious that the deformation/damage
zone for both mode I and mode 1II delamination of the
T6T145/F185 1is much greater than that observed in the more
brittle AS4,/3501-6. A schematic representation of the
relative damage zone sizes for these two composite systems,
loaded in mode I and mode II, is seen in Fig. 8.

The deformation/damage zone size has been measured for
several systems and an effort has been made to see how the
size of the deformation/damage zone correlates with the
delamination fracture toughness. The results are presented
in Table 1. 1In general, larger deformation/damage zone sizes
correlate with higher delamination fracture toughness;
however, the correlation is not monotonic.

Micromechanisms of Mode I Delamination--The details of
the fracture process have also been noted during in-situ
observations of fracture,. In most systems studied, mode I
crack advance occurs after the development of a
deformation/damage zone ahead of the crack tip. 1In brittle
systems, this zone <consists of microcracks which coalesce
with each other and the macrocrack to give crack advance.
Sometimes, crack advance occurs by debonding before
microcrack coalescence occurs. When this takes place, fiber
bridging and fiber breakage will be observed. 1In ductile
systems, local deformation around the <crack tip preceeds
crack advance, but with no true specimen microcracking, only
the superficial coating cracks which are indicative of large

deformation. Crack advance generally occurs by ductile

15




Figure 6. Damage zones ahead of the crack tip of ASW/3501-6 under (a)
mode I loading, and (b) mode II loading.
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Figure 7. Damage zone anead of crack tip of T6T145/F185 under (a) 750x, mode
[ loading. (b) 1000x, mode Il loading. (c) 1000x, mode Il loading.
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(70 J/m*) mode I (190 J/m2§
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Tip
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Figure 8. Schematic of relative damage zone sizes for mode | and mode 1I. (a)
3502 neat resin and AS4/3502 composite. (b) F185 neat resin and
TET145,F185 composite,
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tearing, but crack advance by interfacial debonding was also
commonly observed 1in composites made with more ductile
resins.

Micromechanisms of Mode 1I1I Delamination--Mode II
delamination of brittle systems occurs in a very distinctive
way. Microcracks form for a considerable distance ahead of
the <crack tip at a 45° angle to the plane of the ply, which
is the plane perpendicular to the principal normal stress.
These cracks grow until they reach the fibers which bound the
resin rich region between plies. It sometimes appears that
they stop in the resin short of the nearest visible fiber
(see Fig. 6, for example). However, there are certainly
fibers just beneath the surface which are responsible for
arresting these growing microcracks. Coalescence of these
microcracks is required for macrocrack advance. This
coalescence generally occurs at the fiber/matrix interface,
giving a corrugated roof appearance along with the formation
of "hackles"” in the resin between fibers, as seen in Fig. 9.
It 1is apparent that the final orientation of the microcracks
and the resulting hackles 1s greater than 45°. This is a
result of the fact that hackles aite often rotated into a more

nearly upright position by the mode II loading pricr to final

microcrack coalescence, as shown schematically in Fig. 10.
It has been noted by several investigators (e.g., Bradley and
2

Cohen™) that the GIIC/GIC ratic for delamination of
composites made with brittle resins 1s typically 3 or

greater. This is wunderstandable when one considers the

20




following factors: (1) a much more extensive damage zone
ahead of the crack tip; (2) the greater difficulty in getting
microcrack <coalescence; (3) the more torturous path taken by
the <crack; and (4) the much greater evidence of crack
interaction with the fibers via the microcracks which form
and arrest temporarily at the fibers.

Mode II delamination of the more ductile T6T145/F185
gave no evidence of resin microcracking. Rather, only a very
fine «cocating <cracking was noted (see Fig. 7), indicating
resin deformation. Thus, the fracture process for mode 1II
delamination (like that for mode I delamination) appears to
be ductile rupture, with occasional fiber debonding. Thus,
it 1s not surprising that the GIIC/GIC ratio for delamination
nf composites made with ductile resins is approximately 1.

Mixed-Mode Delamination--A series of mixed mode
delamination experiments were run in which the percentage of
mode Il energy release rate, GIIc’ was systematically varied
from 0% to 100¥. These tests were performed on several resin
systems. Where the brittle AS4,3502 was used, the density of
the hackles as well as their orientation relative to the
delamination planes were found to increase with increasing
percentage of mode II loading, as seen in Fig. 11. The total
critical energy release rate was also found to monotonically
increase with increasing percentage of mode 11 energy release
rate, as seen in Fig. 12 for composites made with brittle
resins. No such systematic wvariation in either fracture

surface appearance or critical energy release rate was noted

21
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CLAure 9. In ositu and post mortem fractography of ASY,3502 under mode 1]
delamination. (a) 3000x. Microcrack formation at 45 degrees followed
by opeming of microcracks. {b) 3000x. Microcrack coalescence.

(e 30002, Microcrack coalescence with rotation at root of hackles.
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Figure §. (Continued) (d) 2000x. (e) 2000x. Final coalescence of microcracks
results in macroscopic crack formation showing the typical hackles
characteristic of mode 11 delamination of brittle composites.
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Figure 9. (Continued)}. Post-mortem fractography showing the highly hackled
fracture surface. (f) 1000x. (g) 1000x. (h) 2000x.
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for the ductile T6T145/F185 as the percentage of mode II
loading was increased.

While most of the laminates studied in this work were
unidirectional layups, a few multi-directional layups were
also investigated. Typical results for mode I delamination
of a specimen containing +45° plies across the delamination

plane are seen in Fig. 13,

4.2 Strain Field Mapping

In the ©previous section, the physical details of the
mode I and mode II delamination fracture process as
determined by direct, real-time observations in the SEM were
summarized. It was decided early in this program that
quantifying the strain field around the crack tip would be
essential to assist in the development and verification of
micromechanics models. Two different approaches were taken
to try to achieve this objective: (1) the stereo-imaging
approach developed for metals by Davidson and Lankford at
Southwest Research Institute and (2) the direct measurement
of the distortion of a dot pattern placed on the surface with
the electron beam of the SEM. These two approaches will be

explained and results from each presented next.

4.2.1 Strain Field Mapping by Stereo-lmaging

5 have

Recent works by Davidson and LankfordB—
described a method of accurately determining the in-plane

displacements and strain fields developed during the
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Figure 11. Hackles increasing in orientation with increasing mode II loading
of ASU/3501-6. (a) 1500x. 0% mode Il (mode I). (b) 10000x. 20% mode
II. (c) 2000%. 43% mode II. (d) 3000x. 100% mode II.
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Figure 3. Muitiaxial layup delamination of F155 composite system. (a) 1000x.
(5) 1000x,




deformation of a specimen. The technique involves
photographing the «crack tip region of the specimen both
before loading and while loaded, and then using
stereo-imaging to determine the displacement field. The
in-plane strains are then calculated by differentiating this
displacment field. The advantage of this technique is that
high-resolution strain field maps <can be obtained for any
level of 1loading, including locading that produces nonlinear
deformation around the crack tip.

Previously this experimental approach has only been
utilized to determine the strain field around the crack tip
of metals subjected to fatigue stressingB_S. In this study,
similar stereo-imaging techniques have been developed to
examine the strain fields associated with delamination in
graphite/epoxy composites. Stereo-photograph pairs (one of
the loaded specimen, a second of the unloaded specimen) of a
delamination crack tip for both mode I and mode Ii loading
conditions are made in a scanning electron microscope (SEM).
From the displacement and strain field maps generated, the
effects of macroscopic loading as well as the cole of fiber
constraint on the deformation and resin vyielding in the
region of the <crack tip were examined. All data reduction

routines used in the strain field analysis were performed on

an Apple Computer.

4.2.1.1 Stereo-Imaging

We perceive three dimensions, or depth of field,
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becaus= our eyes view our surroundings from slightly
different angles. The apparent position of foreground
objectives relative to the distant background seen from one
eye 1is slightly displaced from that seen through the other
eye. As the brain melds these two images into one, it takes
nocte of the relative displacements cf the foreground objects
and interprets it as depth.

In determining the in-plane delamination
displacements, an area well ahead of the crack tip in an
unloaded specimen 1is photographed, ensuring an unloaded
reference condition. The specimen is then loaded and the
crack allowed to grow into the field of view, which is
subsequently rephotographed. 1In the second case, due to the
loading, 1lccalized deformation in the crack tip region will
appear as displacements relative to the surrounding
unstrained regions, as captured in the photograph of the
specimen prior to loading. When the two photogranhs are
observed in a stereoscope, these relative surface
displacements are perceived are as relief in the out of plane
or 2-direction. It is noted that a state of triaxial
displacement may exist at the loaded crack tip, but only the

in-plane displacement can be observed using this technique.

4.2.1.2 Experimental and Analytical Procedures
The graphite-epoxy systems examined in this study were
Hercules AS4,/3501-6 and AS4/DOW P-7. These resin systems

were selected because of their differences in ductility and
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interfacial adhesion strengths. The Hercules AS4,/3501-6
system consisted of a brittle resin (GIC = 70 J/mz) along
with unsized fibers, resulting in a composite delamination

toughness of GIC = 140 J/m2 and GIIC = 634 J/mz. The AS4/Dow
P7 system wused sized fibers with a tougher Novolac resin,
modified to increase both toughness and resin/fiber adhesion,
resulting in a composite delamination toughnesses of GIc =
340 9/m? and G, _ = 862 J/m°.

Small (25 mm x 11 cm), undirectional double cantilever
beam specimens, 14 plies in thickness, were cut from cured
laminate panels of the two systems. A thin 0.03 mm teflon
sheet inserted at one edge during the layup of the laminate
panels before <curing provided a starter crack between the
mid-plies. Delamination lcading of the specimens within the
SEM was accomplished by wusing a tensile stage. Mode I
loading was achieved by driving the precracked portion of the
specimen onto a fixed wedge (see Fig. 14). The wedge was
sufficiently blunt to ensure that it remained well behind the
crack tip. A three point bend fixture was used to provide
pure shear or mode II loading at the crack tip (see Fig. 14).

For neat resin testing, compact tension specimens of
size 1T were used as per ASTM 53991, except that the
thickness was 3-4 mm instead of the 12.5 mm’prescribed by the
standard. The same loading fixtures were originally used for
the 1in-situ fracture observations reported in section 4.1 of
this report.

As described before, an area well ahead of the crack
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tip was photographed, and then rephotographed after the crack
was allowed to grow into the field of view, representing the
unloaded and loaded conditions respectively. These
photographs were than viewed with a TOPCON stereoscope. A
1/4-inch reference grid is marked on one photograph to enable
the location on the specimen to be identified. A parallax
bar 1is then used to measure the apparent height (2x) of the
surface at each of the points of the reference grid. A
reference point far ahead of the crack tip outside of the
deformation zone is selected to provide a reference point
(RP) of zero displacement (see Fig. 2). Displacement (Dx) is
calculated at each point on the reference grid using a
standard stereo imaging analysis by the following
relationships
Dx = {(1/M) (dP)/(P+dP) (1)

where M is the photographic magnification, dP is the
difference in the parallax bar measurement at a given point
on the reference grid minus the parallax bar measurement at
the reference point (2x-RP), and P is the average separation
between the conjugate center and conjugate principal points
for the two pictures used 1in the stereo pair. A more
complete discussion by Avery6 of this technique is available.

Since only displacements along the eye axis can be
observed in the stereoscope, the phocographs must be rotated
90 degrees and the ©procedure repeated to obtained the
Y-direction displacements (Dy). Additional details may be

found in a soon to be published dissertation by Hibbs.
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Figure 14d. Relative displacement of points near the crac< tip
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stereoscope these relative displacements are seen as
vertical rellef. The point X, Ls selected far ahead of the
deformation zone and i{s used as a reference point of zero
disp.acement.
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4.2.1.3 Experimental Results

Results for mode I loading of the AS4/Dow P7 system
and mcde II loading of the AS4/3501-6 system will be
presented in this report with more extensive results to be
presented in Michael Hibbs’ dissertation.

Mode I Displacement and Strain Fields--The
unloaded,/loaded stereo pair for the AS4/Dow P7 composite
system loaded in mode I conditions is given in Fig. 15. To
show the displacement field more clearly, the displacement
vectors as determined frem the photographs in Fig. 15 using
the TOPCON stereoscope are represented graphically in
Fig. 16. The displacement field is not symmetric about the
crack tip. This probably results from asymmetric constraints
due to the asymmetric distribution of fibers on either side
of the plane of the crack. The maximum displacements are
seen to be approximately 0.25 microns. At the crack tip the
loading is shown to be essentially pure mode I.

The resulting strain field seen in Fig. 17 shows that
the maximum shear strain is for the most part confined to the
resin rich area between the fibers, with a maximum of about
20% strain at the crack tip. A more ductile resin would be

expected to have deformation outside the resin rich region

between plies. With increasing distance ahead of the crack
tip, the magnitude of the strain decreases, reaching a value
of 7% strain at a distance of 33 microns. It is interesting

to note that the tensile elongation measured for this
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Figure 15. The unloaded loaded stereo photographs of the composite

ASY Dow P7 loaded in mode | conditions. (1000X)
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relatively brittle resin is less than 2%. We should hasten
to add that the indicated crack tip shear strain of 20% is
not true resin strain because of the fine microcracking that
develops in the «crack tip region. The true resin strain
would be less. Nevertheless, displacements due to resin
deformation and microcracking combine to give deformation
shear equivalent to 20% strain.

The displacement field that results for mode 1II
loading of AS4/3501-6 is given in Fig. 18, where a symmetric
displacement field with essentially pure mode II loading at
the crack tip is seen. 1In this field, the magnitude of the
displacements are on the order of 0.75 microns.

The resulting strain field (Fig. 19), as in the case
for the mode I loading of the Dow P7 system, is seen tc be
confined in the resin rich region between the fibers, again a
result that would not be true for a composite made with a
more ductile resin. A maximum shear strain of approximately
100% occurs at the crack tip, with a very slow reduction in
magnitude with increasing distance ahead of the crack tip.
At the edge of the observed field, 33.0 microns ahead of the
crack tip, the magnitude of the shear strain was still 85%.

It is difficult to see how a composite with such a
brittle resin as the AS4,/3501-6 could have such a large local
strain to failure wuntil one recognizes that most of the
measured displacements are (as was the case for mode 1) due
to extensive microcracking, hackle formation, and hackle

rotation. These can be seen in Figs. 6,9 and 10 in section
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These results for the strain field for mode I and mode
II delaminaticn are consistent with the observations of
deformation/damage zone size previously reported in 4.1 and
will be seen later in this report (section 4.3) to be
qualitatively consistent with finite element calculations of
the strain field decay ahead of a crack for these two loading

conditions.

4.2.2 Direct Measurement of Strain Field Using a Dot Pattern

The purpose of this study has been to develop a
technique which would permit the direct measurement of the
strain field around a crack tip with sufficient resolution to
make a comparison of the fields for cracks in neat resin
versus delamination cracks in composites made from the same
resin. The approach used has been to burn a very fine array
of dots onto the polished surface (perpendicular to the plane
of the «crack) of a specimen using the electron beam in a
scanning electron microscope. The exact coordinates for each
of these ©points are determined before and after loading the
specimen, allowing the determination of the displacement of
each point. This displacement field may then be

differentiated to give the strain field around the crack tip.

4.2.2.1 Experimental Procedure
Wwith considerable trial and error, a technigque has

been developed to burn a very systematic dot pattern onto the




polished surface of the specimens. The beam of the electron
microscope was adjusted to give dots that were sufficiently
large to remain easily recognizable after considerable
deformation but small enough to give adequate resoclution and
minimal damage to the specimen. The very regular dot pattern
seen in Fig. 20 was burned onto the surface using a JEOL-35
scanning electron microscope with the assistance of an image
processing system manufactured by Kontron. The dot spacing
seen in Fig. 20 1is approximately 10 microns. A finer dot
spacing is possible, but not very useful unless the size of
the dots can also be reduced, while retaining their
visibility after large deformation.

The resin system selected for use in this study was
Hexcel F185. This resin was selected because it is known to
be relatively ductile (8% elongation in a tensile test), and
therefore would be expected to give significant strain in the
vicinity of the crack tip prior to failure.

Hexcel F185 resin was cast into rectangular plates.
Compact tension specimens were machined from these plates and
subsequently fatique precracked. Then the CT specimens were
pclished on a microprocessor-controlled automatic polisher to
a 0.03 micron finish. Finally, a dot pattern was burned on
the surface wusing the electron beam in the’SEM, as shown in
Fig. 20. The «crack tip is seen at the bottom of Fig. 20,
just below the dot pattern. After loading to grow the crack
a small amount into the dot array, the detormation field was

determined using the distortion of the dot pattern. The
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displacement field and the associated strain field were
determined wusing the image processing system in conjunction
with a computer program written to numerically differentiate

the displacement field data.

4.2.2.2 Results and Discussion

The results are presented in Figs. 21-23. The normal
strains as well as the principal shear strain are seen as a
function of x-y coordinates. The crack tip has coordinates
of y=57.48, x=59.14. The compact tension specimen was loaded
in the x-direction with crack growth in the x-direction.

It should be emphasized that the three dimensional
plotting routine used to present the results graphically does
local smoothing prior to plotting. The polynominal curve fit
for the smoothing operation interpolates as well, giving a
much finer grid 1in the graphical results than was actually
used on the specimen surface. (Contrast actual grid size,
Fig. 20, to grid size seen in the three dimensional plots,
Figs. 21-23.)

The strain at vyielding 1in Fl185 as measured in a
tensile test is about 1.2%. Thus, the region of nonlinear

deformation around the «crack tip 1is seen to be quite

¢

extensive. If it is remembered that carbon fibers typically
have diameters of about 7 microns, then the nonlinear
deformation zone would extend to at least five fiber

diameters above and Dbelow the plane of delamination if the

composite has a similar strain field around the tip of a
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Figure 20. Lot spacing (a

before and (b) after loading (mode 1 loading)

)
of F185 epcxy resin.
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growing delamination crack to that observed in Figs. 21-23
for the F185 neat resin. A gualitative indication of a
deformation =zone of this size in a delaminating T6T145/F185
composite, is seen in Fig. 7 (section 4.1) and has previously
been noted by Bradley and Cohenz.

A second important observation concerns the magnitude
of the 1local strain at the <crack tip. The elongation
measured in a tensile test of F185 is 8%, with no apparent
necking. Thus, one might have assumed for micromechanics
modelling that the local strain to failure would be 8%, or
possibly less due to the effects of constaint. However, it
is clear that the tensile elongation greatly underestimates
the true local strain to failure at the tip of a growing
crack in F185,. The measured value of 48% should be
considered a lower bound since 1t 1s measured over a 10
micron gage length at the crack tip in a very steep strain
gradient and would increase to an even higher value as crack
advance caused ductile fracture. The critical value for
local strain to failure for delamination crack growth is
probably somewhat lower than the value for crack growth in
the neat resin measured here due to debonding and constraint
produced by the fibers. Coumparable results for crack growth
in a delaminating T6145/F185 composite were not available at
the time of the preparation of this report but should be
available soon in the new grant period.

One concern that should be mentioned is the guestion

of whether the surface strain measurements are in any way
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representative of the bulk strain distribution. 1In materials
where cavitation or microcracking does not occur, one would
expect a significant difference between the strain
distribution for the plane-stress state of stress that exists
at the surface and the strain distribution that would exist
for the more nearly plane-strain state of stress in the bulk.
However, F185 with rubber particle toughening does cavitate,
relaxing the through-thickness stress. Thus, for this system
we believe the surface strain distribution is representative
of the bulk strain distribution.

Direct comparison of results from sterec-imaging
with results based on dot pattern distortion will also be

available soon under the new contract.

4.3 Analysis and Modeling

Analysis and modeling have been used in two ways to
better understand the experimental results of sections 4.1,
4.2, and 4.4. First, the very different size and shape of
the damage zone for mode I 1loading compared to mode I1I
loading has been studied using a finite element analysis in
which the constitutive relationship for a linear, orthotropic
continuum 1is assumed. While ignoring the details that would
be treated explicitly in a micromechanics model, this
approach has been quite successful in accounting for the
major distinctives between mode I and mode II delamination.
Second, a simple model has been proposed to account for the

observed differences in neat resin toughness compared to mode

51




e — e l——crttin. = gt~

I delamination toughness for composites made with ductile
resins. The results of these two areas of investigation will

be presented in this section.

4.3.1 Linear, Orthotropic Finite Element Analysis of Mode I

and Mode II Delamination

In this investigation, the stress fields ahead of the
crack tip of a split laminate specimen loaded to give mode I
delamination and mode II delamination have been determined by
means of a finite element analysis. The results are compared
to the observed damage zones developed ahead of the crack tip
for the same loading conditions, as reported in section 4.1.
A comparison with the direct strain field measurements of

section 4.2 is made.

4.3.1.1 Materials and Methods

The determination of the stress field ahead of the
crack tip of the split laminate specimen loaded under mode I
and mode 1I1I was accomplished by first generating a two
dimensional mesh 152.4 mm long by 2.54 mm thick consisting of
791 nodes and 294 elements as shown in Fig. 24a. Triangular
six-noded elements were wused around the <crack tip with
mid-side nodes displaced to the quarter point7, and a
substantial refinement of the mesh around the crack tip was
made to overcome the difficulty 1imposed by the stress
singularity present at the crack tip . This linear

orthotropic analysis has been made with a finite element
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Figure 24, Finite element mesh and boundary conditions.

53




algorithm developed by Henriksene. The algorithm is based on
a nonlinear code wupdated with Lagrangian formulation using
six and/or eight noded 1isoparametric elements with two
degrees of freedom per node. Elastic constants for a
unidirectional 1laminate of AS4/3502 graphite/epoxy composite
to be used in the analysis were obtained from Hercule59

Mode I loading was simulated by applying a symmetric
load at the cracked end of the mesh as shown in Fig. 24b.
Mode 1II leoading was introduced by asymmetrically loading the
cracked end (see Fig. 24c). The load 1level applied
corresponds to approximately the 1load at onset of crack
growth for these two modes of failure, as determined from
experimental measurements in combination with beam linear
beam theory.10 Stresses were obtained and were plotted as a

function of distance ahead of the crack tip.

4.3.1.2 Results and Discussion

Figures 25 and 26 show the finite element results for
both mode I and mode 1II loading. Figure 25a is a Syy
(normal) stress contour plot from the vicinity of the crack
tip for mode I locading. The normal stress Syy which for this
loading and geometry is the principal normal stress 52,
rapidly decreases ahead of the crack tip. Figure 25b
corresponds to the Sxy (shear) stress contour plot for a mode
II condition. Note how the shear stress drops off much more
slowly with distance ahead of the crack tip than does the

normal stress for mode I loading (Fig. 25a). Furthermore,
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Figure 25, Stress contour plots for mode I and mode 11
loading
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the shape of the stress field is more narrow and elongated.
For this loading condition, Sxy = maximum shear stress = Sl.
Figure 26 shows the stress distribution as a function of
distance ahead of the crack tip for mede I and mode II. In
the case of the normal stress for mode I, the stress drops
off rapidly until it is compressive at a distance of 0.76 mm
ahead of the crack tip. Finally, it gradually approaches a
zero stress level at approximately 8 mm from the crack tip
which is maintained all the way to the end of the beam. It
should be noted that the compressive stresses observed for
mode I loading are not expected to significantly influence
the fracture mode at the crack tip because they occur far
enough away from the crack tip. The mode I damage zones
sizes presented in section 4.1 (see Table 1) were between
.020 mm and .200 mm, well below the .76 mm indicated in the
analysis as the distance ahead of the crack beyond which the
stresses are compressive.

In the case of the shear stress distribution ahead of
the <crack tip for mode II, it monotonically decreases to a
constant value. As can be seen, the shear stress ahead of
the <crack tip for mode II loading decays much more slowly
than the normal stress for mode I loading. These results
indicate that the stress concentration at the crack tip is
distributed over a larger distance for mode II locading than
for mode I loading. For mode II, the extent of the stress
field above and below the center plane is much smaller than

for mode I, as seen in the stress contour plots in Fig. 25,
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Figure 26 Stress distributions ahead of the crack tip
for mode I and mode II loading. Note for mode
I, the first principal normal stress, S, is
parallel tc the fibers. However, S, (=Syy) is

the stress responsible for delamination crack
growth, and thus, the one c¢f primary interest.
For mode II lcoading, the maximum shear stress
is equal to Sl'
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A careful comparison of the stress fields of Figs. 25
and 26 with the damage zone shown in Figs. 6-8 for mode I and
mode II delamination reveals a direct correspondence between
them. The much longer and more narrow stress field predicted

by the linear, orthotropic analysis is clearly reflected in

the observed damage zones for mode I and mode 1II
delamination. There 1s also quantitative agreement with
measured strain fields, which also indicate a much more

gradual decay of the strain field ahead of the crack tip for
mode II loading than for mode I. It should be emphasized
that quantitative agreement between the directly measured
strain field and the calculated stress field would not be
expected. The stress field <calculations 1ignored both

nonlinear behavior and microstructural details (fibers and

resin) since they assumed linear, orthotropic behavior.
Furthermcre, there is no easy way to get from the measured
strain to the associated stress, since the nonlirnear

constitutive relationship is unknown.

When dealing with damage zone development, the effect
of the state of stress, namely plane stress versus plane
strain, may be important. This is particularly true where
the principle shear stress plays a role in ,the deformation of
fracture process. The damage zones shown in Figs. 6 and 7
were obviously made at the edge of the specimen where a plane
stress condition occurs. Therefore, in order to have a first
order approximation as t» the effect the difference in the

state of stress at the surface of the specimen where our
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direct observations are made, and at the center were plane
strain conditions prevail, the Von-Mises stress for mode 1
and mode 1II were plotted as functions of distance ahead of
the «crack tip. The results in Fig. 27a indicate that for
mode I, the difference in the Von-Mises stress (or root mean
square shear stress) in plane stress versus plane strain is
approximately 10%. 1In the case of mode II, the difference is
negligible, as is evident in Fig. 27b. Therefore, it appears
that for these orthotropic materials, the difference between
plane stress and plane strain is not too significant and our
surface observations of damage zone size and detail should
not be wvery different than subsurface behavior. Previous
studies in which the postmortem appearance of the fracture
surface near a free edge to that at the center of a specimen
are consistent with this interpretationll. A final
cbservation from Fig. 27 is that the stress field ahead of a
crack tip decays much more slowly for an orthotropic

materials with the crack parallel to the fibers than for an

isotropic material.

4.3.2 Modeling the Effect of Fibers on Mode I Delamination
Toughness ‘
A first order estimate of the delamination fracture
toughness may be obtained by assuming that the delamination
fracture process 1is essentially the same as the fracture

process in the neat resin, except that the fibers act as a

rigid filler, reducing the volume of resin available to
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Frgure 28. Schematic of hypotnhetical tensile bar ahead of the crack tip
with the strain Jistribution across it.
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deform in the <crack tip region. It has previously been
suggested by Bradley and Cohen2 that the energy dissipation
per unit area of <crack extension may be calculated by
picturing a small tensile specimen ahead of the crack tip,
which is slowly stretched as the crack tip approaches and
finally breaks as the crack tip passes (Fig. 28). The energy
absorbed per unit area of crack extension would be calculated
for such a model by summing the energy absorbed per unit
volume of material over the volume of the hypothetical
tensile specimen. Such a summation may be written

mathematically as follows:

Crc = op;de;,dy (1)

where GIC is the fracture toughness of the material, 2h is
the height of the hypothetical tensile bar, and 911 is the
component of the stress tensor normal to the plane of the
crack. Until recently, neither the strain field nor the
constitutive relationship required to calculated stress from
strain was known. Thus, a direct evaluation of Eg. 1 was not
possible. A phenomenological approach has been taken to try
to evaluate this energy release rate for delamination.

The addition of fibers to the neatrresin can perturb
the energy calculation in Eg. 1 in several ways. First, the
extent of the deformation zone might be changed due to the

additional <constraint imposed by the fibers, changing the

value of h (i.e., the height of our hypothetical tensile
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specimen) 1n Eqg. 1. Second, rigid filler would further
reduce the effective gage length of material capable of
deforming in our hypothetical tensile specimen. Third, fiber
debonding andsor constraint could change the local strain to
fracture. These three factors could potentially account for
the observed decrease in fracture toughness from 8100 J/m2 in
the Fl1l85 resin to 1900 J/m2 in the composite delamination
fracture toughness. The first two of these three factors can
be quantified based on actual observations. 1If one assumes
that coating microcracking begins for strains above the
threshold strain; (say 3%, then the extent of the
microcracked zone <can be used to approximately guantify the
magnitude of the h in Eqg. 2.

A cross-section of the composite prepared
metallographically to reveal the microstructure (Fig. 29) may
be wused to determine the volume fraction of fibers in the
hypothetical tensile specimen ahead of the crack tip. Since
the volume fraction is quite nonuniform, the microstructure
can be divided 1into three regions: the resin rich region
between plies with a fiber volume fraction of 19%; the ply
region with a volume fraction of fibers of 76%, and a
transition zone with a volume fraction of approximately 33%.
The relative heights of these three regions are shown in the
schematic in Fig. 30 along with the height of the
microcracked zone in the F185 resin. Using a simple rule of
mixtures approach, and taking account of the smaller

microcracked (and deformed) =zone, 2h, one may estimate the
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delamination fracture toughness to be 4000 J/m2 as shown

below:

G. . = IC  (h.(1-v®.) + h_ (1-vB_) + n _(1-v

IC . c

(compdsite h
delamination)

o]

where GIC refers to composite delmination and GIC refers to
the neat resin. This calculation implicitly assumes that the
local strain to fracture in the F185 resin and the composite
are the same and that the stress distribution 1is also
similar, at least on average. It is recognized that these
are crude assumptions at best.

The calculated value of Mode I delamination fracture

toughness of 4000 J/m2 is <clearly much larger than the

observed value of 1900 J/m2

This discrepancy is due to the
assumptions in the calculation that the strain field
distribution as well as the local strain to failure are
similar. In reality, fracture at the fiber/resin and/or
constraint due to the presence of the fibers should cause the
that in the neat resin. Furthermore, the decay of the strain
field ahead of the crack tip is different for an orthotropic
material than for an isotropic one (See Fig. 27).

Thus, the incorporation of the recent measurements of
the strain field described 1in section 4.2 into this model

should bring the predictions more i line with the observed

delamination toughness. This is currently being done under
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Figure 30. Schematic snowing relative height of damage zone in F185
resin and TET145/F185 composite.
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the new contract. A constitutive relationship will have to
be either determined or assumed before this approach can be
fully implemented. With a constitutive relationship and the
measured strain fields, it would be possible to evaluate
directly EqQ. 1 rather than wusing the more indirect,

phenomenological approach expressed in Eq. 2.

4.4 FRACTURE MECHANICS CHARACTERIZATION OF MATERIALS

In this section our work to develop better test
methods and analysis to determine the mode I and mode II
delamination fracture toughness of composite materials will
be described. The newer resin systems are significantly
tougher than the first generation resins for which the
current test methodolegy was developed. For these early
systems which were quite brittle, linear load-displacement
curves for split laminate testing 1is the norm and linear
elastic analysis 1is adequate to extract meaningful fracture
toughness parameters from the experimental data. As it has
become necessary to characterize some of the newer, tough

and inelastic behaviocr

&

resins such as PEEK, both nonlinea
are frequently observed in the load-displacement records, and
thus, the usual linear beam theory is not adequate to obtain
meaningful fracture mechanics parameters from these test
results.

It has also been found that mode II testing with the
generally much higher critical energy release rates observed

for this mode of fracture is also much more likely than mode
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I testing tc exhibit ncnlincar bLelhaviur. The delamination
fracture toughness characterization of multi-axial laminates
with the associated reduction in stiffness along the axis of
the split laminate being tested has also been found to often
give nonlinear behavior unless very thick specimens are
utilized.

Our efforts in response to these challenges have been
to develop a J-integral approach to delamination fracture
characterization for both mode I and mode II loading. These
two efforts will be described in the two subsections that
follow. The presentation in these subsections will be
somewhat more detailed than those in 4.1, 4.2 and 4.3 as most

of the results have not yet been published.

4.4.1 Mode I Delamination

The subject of the work reported in this section is
the means of determining the mode I delamination fracture
toughness of multidirectional composites. Material
characterization 1is a prerequisite for systematic design and
analysis of <composite structures. The intent is to develop
and verify a theoretically-based method for characterizing
delamination fracture despite the complicating factors which

will be discussed.

4.4.1.1 Current Status of the Problem

Delamination of Unidirectional Composites—-The
delamination of unidirectional composites, though not
68
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Figure 31 . Schematic of the double cantilevered beam (DCB) specimen
for delamination studies
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directly the subject of the present study, neveriheless forms
the background for it. Therefore, this discussion of the
current status of the problem begins with its review.

The great majority of studies of delamination
toughness have 1involved unidirectional composites. A major
motivation for this activity has been to understand the
relationship between neat resin fracture toughness and
composite interlaminar toughnesslz. Several different
specimen designs have been wused by various investigators
13_16. Of special 1interest because of its wide use and
apparent utility is the double cantilevered beam (DCB)
specimen, as shown in Fig. 31. Numerous investigators have

16-18

studied it as applied to unidirectional composites The

DCB specimen has also been applied to a planar isotropic

19. In these studies the

short-fiber reinforced composite
necessary analyses have Dbeen developed and the procedure’s
viability has been demonstrated by experiment.

Several different ways of analyzing DCB data have been
proposed. Various assumptions about material and specimen
behavior are made in each method. Analyses based on linear
beam theory, large displacement theory, empirical compliance
calibration, the area under the load-displacement curve, and
an energy rate interpretation of the J integral have been

16,17,20

used The effectiveness of a particular method

depends on the situation at hand. For the case where there
is permanent deformation due to material damage, Keary et

20

al determined that the J 1integral 1is superior to
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approaches based on linear beam theory and empirical
compliance calibration. This observation is salient to this
study since such damage has been observed in multidirectional
composites.

A similar conclusion can be drawn from Fig. 32 which
shows data generated in this program using DCB specimens.
The delamination fracture toughness determined using the area
method (G) and using a damage-dependent J integral (J) are
plotted versus crack length. One G and one J curve were
determined from each of three specimens. Not only does J
appear to give results which are more consistent over the
range of crack lengths, but it gives lower toughness values.
The overestimation of fracture energy using the area method
reflects that methods’ unsuitability when damage is present
away from the crack tip. The stacking sequence used results
in damage in the legs of the specimens; the material was
Hexcel’s T2Cl45/F155 1in a 24-ply plate with the stacking

sequence [—+45/(+—45)2/(-+45)2/(+—45)2/(—+45)2/+—45].

4.4.1.2 Delamination of Multidirectional Compcsites

Iin actual structures, laminate layups are not
generally unidirectional. Therefore data from unidirectional
tests can only be used directly in struétural design and
analysis if it can be shown that the unidirectional data
reflects the response of the more complex material. Recent
studies show that this is not always the case. For example,

Nicholls and Gallagher21 have observed in their DCB tests
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Figure 32. Fracture energy versus crack length using the area method (G)
and a damage-dependent J integral (J) to analyze D(B data.

The material is T2C145/F155 with a lay-up of
(£45/(F45) 5/ (£45),5/(F45) 5/ (£45),/(F45),/*45].
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almost a twofold 1increase 1un ¥Xracturc cnergy over the
unidirectional value when a crack travels at a +30° or +45°
interface in AS1/3502 graphite/epoxy. The fracture surfaces
evidenced a change in mechanism which was responsible for the
greater toughness.

In this study just mentioned, several notable results
were obtained which were reflected in the recommendations for
further work. First, it was observed that when the crack was
propagating at the interface of two plies, neither of which
was parallel to the propagation direction, the crack tended
to Jjump between plies by forming another crack parallel to
the original crack, but on a different plane. They suggested
that a more detailed knowledge of the crack front shape in
this region would be helpful in wunderstanding this
phenomenon. A second subject for additional work was the
transition between a region where the crack broke through a
ply and a region where growth occurred between two plies, one
of which had fiber parallel to the propagation direction. As
shown in Fig. 33, the transition zone was V-shaped, with the
first region tapering off into the second. This shape
suggests an edge effect, and thus a width effect. Knowledge
of the stress state across the width of the specimen would be
needed to explain this behavior. Thirdly, a wide range of
fracture toughness values was observed. There is therefore
reason to consider how to interpret the results in a way that
is relevant to analysis of crack growth in structures.

Given the complex delamination behavior of
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multidirectimnal composites, how can one compare the results
from the delamination testing between various layups? Also,
how do the toughness measurements correlate with the values
for the neat resin? By wunderstanding the relationship
between the behavior of various layups, one hopes to be able
to predict the delamination performance of a proposed layup
based on the results of a few baseline tests, rather than
needing to make and test each potential layup. Also,
understanding the critical parameters which determine
toughness would lead to guidelines for the <choice and

development of materials.

Chai22 also used the DCB geometry to study
delamination at various 1interfaces in multidirectional
layups. Like Nicholls and Gallagher, he found that
delamination energy correlated strongly with fracture
morphology. He observed that various mechanisms operated

during the <course of a single test, and that transitions
between fracture mechanisms occurred unpredictably. In
general, the crack did not continue to grow in its plane, but
shifted interfaces as it propagated. Large differences in
the angles of the plies at the crack plane were noted to
encourage ply jumping. Recent tests by Goetz have
demonstrated that in the absence of 0° fibers to contain the
crack, it <can leave the midplane and jump from ply to ply
until finally reaching the surface; during the process the
specimen behavior is radically altered. Such behavior is not

seen in the testing of unidirectional composites.
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Figure 33 Schematic of transition between two regions on a fracture surface.
Region I corresponds to the crack front breaking through a ply.
Region Il appears as the crack propagates between two dissimilarly
oriented plies one of which is oriented parallel to the direction
of crack propagation. (After [12].)

75




Chai observed local toughness changes on the order of
100% due to transitions in fracture me2chanism. High fracture
energies were not necessarily due to fiber breakage; for
example, even when the crack traveled between two 0° plies,
the multiplanar character of the fracture lead to variations
in roughness prompting his statement that, "The range in
fracture energies found in the region of the O2 plies as
opposed to a single value may be cause for concern in the
fracture testing of unidirectional laminates."

A major conclusion in Chai’s paper was that the mode I
interlaminar fracture energy was independent of test specimen
geometry (crack 1length and width), independent of ply
orientations at the delamination surface, and dependent only
on the matrix constituent. It should be noted, however, that
in order to make this statement Chai had to exclude from
consideration all regions of the fracture surface where fiber
breakage, pull-out, and ply-jumping were observed.

Essentially, by excluding fracture processes where the fibers

made a difference {(on the basis of fracture surface
morphelogy), Chai 1insured that the matrix consistence was
determinative in the toughnesses measured. 1Indeed, in the

absence of such a screening of data on the basis of surface

morphology, a constant value of delamination toughness is not

ocbtained. When he compared the results of other
investigators with the hypothesis, it was largely
unsupported. In general, fracture energy appears to be

dependent on interface angle and potentially on fiber
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properties as well.
The evidence he presents suggests that a less strong,

more precise conclusion is that minimum toughness is obtained

for matrix-dominated mechanisms, and that similar toughness
is sometimes obtained despite varying fracture morphology
details. Because a lower bound gives the most conservative
result in analysis, this is wvery significant. However,
identifying a constant lower bound does not fully explain the
data. Understanding the higher energy processes which lead
to higher delamination resistance is still necessary.

Another aspect of the paper’s conclusicon bears
scrutiny. The delamination toughness is stated to be
independent of DCB width. The results for specimens with a
range of widths agreed. For one material, the width was
varied from 4.2 to 8 mm and for another from 7.2 to 10.4 mm.
However, the thickness of the 48 ply layups were 6.1 and 6.7
mm, respectively. Since edge effects would be expected to be

23

seen over a distance on the order of the thickness , these

specimens were not nearly wide enough to produce a change in

behavior, even 1if such a transition dces occur in wider
specimens. Furthermore, evidence of edge effects is seen in
some of the fracture morphologies shown in the paper. Aside

from the effect of width, Chai cites the effect of specimen
geometry on the <crack tip damage zone as a complicating
factor making interpretation of the toughness he reported
more difficult.

24

Jordan conducted delamination tests on
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mnltidirectional laminates. Tests were performed usirg
layups with 0° fibers except at the fracture plane, at which
there was a +10 or +45 degree interface. For these cases,
the stiffnesses of the laminates were similar to that of the
unidirectional layup, and the toughness values were also
similar. However, he noted that as the percentage of
off-axis plies was increased and the axial modulus decreased,
the size of the zone of microcracking at the crack tip
increased, as did the amount of damage in the specimen away
from the crack tip. Analytical methods which did not account
for the effect of the far field damage gave results showing a
large increase in apparent fracture toughness. However, when
data reduction was performed using a damage-dependent J
integral, the 1intrinsic fracture energy was found to be
comparable to that for the unidirectional composite in three
of the four systems studied. This suggests, in accord with
Chai’s conclusions, that there 1is an intrinsic fracture
energy which 1is independent of interface angle. In another
recent studyzs, a similar result was found by applying the J
integral to delamination. Such layup insegnsitivity of
toughness suggests that the local normal interface stress,
rather than local layup-induced shear stress, is the primary
factor 1in delamination24. It should be noted that this
conclusion is based on 1limited data. Whether local shear
stress was insignificant or whether any amount of local shear
stress would be unimportant is not clear. Jordan's results

from mixed-mode tests on one composite suggest that when
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externally-produced Gr1 is over about 40% of the total energy

), G will become sensitive to the

release rate (GT=GI+G T

II

percentage of GII and will increase. Thus, if the results
from load-induced mixed-mode tests are relevant to the
analysis of delamination based on the local stress state, one
would expect local mode II conditions to be evidenced by an
increase in toughness.

The determination o0f mode I delamination fracture
toughness of multidirectional composites poses numerous
guestions--many of which do not exist for unidirectional
composites. When performing delamination tests, one is

seeking a geometry-independent material parameter. The

question of geometry dependence hds not been adequately

addressed for multidirectional ©DCB specimens. The crack
front often takes the shape seen in Fig. 34a. The change in
curvature near the edge seems to be an edge effect. The

difference in crack length at the edge and the center if
typically .15 to .2 1inches for a one inch wide specimen.
Compare this to the relatively mild curvature seen for a
unidirectional specimen (Fig. 34b). The difference in
curvature implies that the «crack tip stress field 1is
significantly different for the two cases. To my knowleclne,
the causes and significance of this have n~t been addressed
:n  the open literature. However, related work is currently
~e:ng done at Texas A&M University.

Figure 35 shows a record of the load versus applied

: .1-ement curve for a typical DCB test. The smooth curve



a) Multidirectiornal Laminate

Direction of crack propagation — =

\—\_\/—‘

b) Unidirectional Laminate

Figure 34. Schematic of crack front curvature in DCB specimens
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Figure 35. Load vs. applied displacement record for a typical DCB
{ test illustrating stable crack growth
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is the result of stable crack growth. In contrast, the curve
in Fig. 36 shows evidence of intermittent unstable growth
during the displacement-controlled test. Such data are more
difficult to interpret than those in Fig. 35, Tests
conducted on the current grant have shown that regions of
fast crack growth are generally regions of lower fracture
toughness. what 1is the significance of the arrest energy?
What is its geometry dependence? A second gquestion is raised
by the parts of the curve which show increasing load with
increasing displacement coming from what is evidently damage
zone growth or stable crack growth. Is there some
significance of this behavior analogous to that seen in the
resistance curves commonly determined for metals? Such
guestions have yet to be answered.

As mentioned previously, studies have shown that the
fracture energy of a specimen can vary widely with crack
length if fracture mode transitions (e.g., ply jumping) take
place. This creates a problem in data interpretation and
reporting. Chai addressed this by screening his results to
isolate the lowest energy mechanisms, and then reporting the
lowest value as the interlaminar fracture toughness. Often
data reduction techniques are used which smooth out the data,
such as the area methodzs. There is a neéd for data analysis

which is able to capture the details of the various fracture

processes.
It has been reported that in some 1instances
multidirectional fracture toughness is similar to the
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unidirectional value and in some it is not. The limits of
the generality of the former statement have yet to be
explored. The potential significance of such a correlation
is very great, since it would allow one to perform a simple
test to obtain information for many complex layups.

Previously, the generation of far-field damage (damage
away from the crack tip, e.g., in the legs of a DCB specimen)
was cited as a complicating factor in delamination testing.
Care must be taken to differentiate between energy going into
the fracture process and energy going into generation of the
far-field damage. Only a handful of investigators have
attempted to develop analyses and tests which compensate for
it 20’25. The degree of far-field damage is known to be
dependent on stacking sequence. More matrix-dominated layups
and layups with 1large differences 1in interface angles
generate more damage. In a DCB specimen, damage can be due
not only to bending stresses, but also to tensile stresses in
the legs near the loading points when the angle of rotation
of the legs is large.

Besides affecting the introduction of far-field
damage, the stacking sequence <can potentially affect the
delamination process by producing local shear and twisting at
the crack tip, which may lead to partial crack closure or
cause local mode II or mode loadin926.
4.4.1.3 Objectives of Current Study

The primary objective of the present study has been to
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a theoretically-based procedure for determining the

delamination fracture toughness of multidirectional

composite materials.

The nature of the questions to be answered was

expressed

in the previous section. Here are some of the

fundamental guestions underlying the objective of the

proposed

o}

research:

Under what conditions can a geometry-independent
measure of fracture energy be obtained?

What is the cause and significance of crack front
curvature?

What data analysis is necessary to capture the
details of the delamination process?

What is the significance and geometry dependence of
the intermittent growth reflected in data such as
seen Fig. 34? What is the significance of the
increasing crack growth resistance?

Under what conditions do various fracture
morphologies occur?

How do observed toughness values relate to the
corresponding fracture morphologies?

For a given crack tip damage state (constant
intrinsic fracture energy), what is the effect of
varying stacking sequence, i.e., changing the
amount of far-field damage?

What is the effect of changing the crack tip stress

state through altering the stacking sequence?
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0 How does damage due to tensile stress (as opposed
to bending stress) impact the apparent toughness?

o How does the fracture energy depend on crack speed?

4.4.1.4 Experimental Investigation

To date, the focus of the work has been on application
of the J integral to double cantilever beam (DCB) tests in
order to investigate the importance of geometry, layup, rate
effects, and fracture morphology. The goal is to synthesize
principles which can guide the prediction of delamination
performance using limited material data. The following
discussion highlights the method used and results obtained to

date.

4.4.1.4.1 Materials and Layups—-The material used in this
study is T2C145/F155, manufactured by Hexcel. It uses a
rubber-toughened epoxy matrix with about 6% rubber by weight.
The nominal fiber volume fraction for all the material tested
was 57%. This material system was chosen in order to
accentuate possible non-linear and viscoelastic responses for
a commercially available, toughened composite. It is also
currently being used for other work on this contract and
other contracts at Texas A&M, allowing sharing of material
data. Three layups were used. Hereafter, they will be

referred to using the following designations:

Designation Layup No. Plies
unidirectional [024] 24
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fiber-dominated [+—45/08/—+45]antisym 24

angle-ply [+—45/(—+45)2/(+—45)2/—+45]antisym. 24
The unidirectional layup is the one which has been most
commonly used in the literature to characterize delamination.
In this study it was used not only to examine delamination
between zero degree plies where ply interpenetration could
occur, but to give a baseline for evaluating data for
multidirectional layups. The fiber-dominated layup was used
to study delamination at a +-45 degree interface. Each leg
of the DCB specimen was made balanced and symmetric in order
to eliminate stretching-shearing and stretching-bending
coupling. Antisymmetry about the midplane of the laminate
was designated in order to put the delamination plane at a
+-45 degree interface. The stacking sequence for the
angle-ply layup was chosen to minimize bending-twisting

coupling as well.

4.4.1.4.2 Experimental Results--All data shown in the
follewing figures were generated using DCB specimens. The
fracture toughness was calculated using the J integral method
of Schapery27. In this formulation J is calculated using the
moment at the crack tip during crack extension and the
moment-curvature relationship for one leg of the specimen.
The J integral is twice the area to the left of the
moment-curvature curve, as shown in Fig. 37. 1In the

following discussion, J will correspond to this path integral

definition. The energy release rate was also calculated for
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comparison. The symbol G will signify the energy release
rate calculated by the area methodls. The area method
derives from the derivative definition of energy release
rate, and provides an average value for an increment of crack

growth. The symbol Gl will refer to the energy release rate

calculated using the equation

3P &

G, = ———— (3)
2ba

where P is the load at crack extension, Sc is the load line
displacement at crack extension, b is the specimen width, and
a is the crack length. This equation is based on the
assumptions of linear beam theory and material linearity.
Comparison of I and G. for Delamination of Angle Ply
Composites--Motivation for using a J integral comes from the
need for an analysis which would account for continuum damage
such as might be generated throughout the legs of a DCB
specimen during testing. The area method of calculating the
energy release rate allows for geometric and material
nonlinearity, as does J, but does not differentiate between
energy which goes into driving the delamination and that
which causes general damage away from the crack tip, leading
to an overestimation of the delamination fracture toughness.
The difference is illustrated in Fig. 32, where G and J are
plotted versus crack length for three angle-ply DCB
specimens. Note that for each specimen, G is significantly

higher than J. The presence of damage is illustrated by the
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moment-curvature relacionship for the angle-ply layup, as
shown in Fig. 38. Note that the unloading portion of the
moment-curvature plot does not retrace the loading porticn.
For layups containing a high percentage of 0 dear -e
fibers, one would expect that G and J would give bette:
agreement, since continuum damage would be minimized. The
moment-curvature relationships for the unidirectional and
fiber-dominated layups were linear, and the unloading
portions of the curves retraced the loading portions. When
this is the case and linear beam theory applies, it can be
shown that J is equal to G, calculated using Eq. 3. This
formulation is helpful when comparing energy release rate and
J because Gl is calculated for a particular point (as J is
for the linear and nonlinear cases), avoiding the averaging
of the area method. Figure 39 is the load-displacement
record from a fiber-dominated specimen which displayed the
development and breakdown of a tie zone, causing the
delamination resistance to increase and then suddenly drop
with crack growth. The corresponding Gl and J are plotted in
Fig. 40. Both initiation and arrest values are shown. The
two methods are in reasonably close agreement, supporting the
interpretation of the difference between energy release rate
and J for the angle-ply layup as being causéd by damage.
Even when damage is not present, the simple expression in Eq.
3 does not always hold. When geometric nonlinearity is
present due to large rotations of the legs, the energy

release rate must be calculated using either the area method
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(possibly losing information due to averaging) or using
nonlinear beam theory17.

Geometry Dependence of J--The usefulness of J as a
characterizing parameter depends on its independence of
geometry, such as specimen width. To investigate the effect
of specimen width, angle-ply specimens 1/2, 1, and 2 inches
wide were tested. Representative results are given in Fig.
41. The high values for the 1 inch wide specimen for shorter
crack lengths were found to be asscciated with the complex
fracture morphology which developed near the starter crack.
For more nearly self-similar crack advance, it appears that
width does not have much effect on the fracture toughness
measured over the range of widths and crack lengths studied.

28 indicates that the state of stress

Recent work at Texas A&M
in the legs of the DCB specimen is in the transition range
between plane strain and plane stress over the practical
range of crack length to width aspect rations. However, the
effects of the transition on J were not seen for the aspect
ratios used in our tests. However, there is another aspect
of specimen behavior which does show a marked width effect.
Unlike unidirectional composites, multidirectional composites
exhibit significantly curved crack fronts in DCB tests. The
curvature depends on the width of the specimen. Figure 42
compares the normalized crack front profile for 1,2 inch, 1
inch, and 2 inch wide specimens for several crack lengths.

Apparently the crack front curvature has two sources: the

antielastic curvature of the DCB leg and free edge effects.
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The general trend appears to be decreasing curvature with
increasing crack length, but there is considerable scatter in
the behavior. The differences between the shapes of the
three plots are plain. The curvature associated with edge
effects is dominant for the 1/2 inch specimen, but becomes
less significant for increasing widths. These profiles were
taken from fracture surfaces where the crack arrested after
jumping forward, marking the surface.

Effect of Stacking Sequence on J--The effect of layup
on J was studied. It was found that when complex mechanisms
of fracture involving fiber breakage, ply jumping, extensive
fiber bridging, etc., were absent, the results for various
layups were often comparable. However, multidirectional
layups often displayed such mechanisms. Other

21,22 have reported similar behavior. Figure 43

investigators
illustrates the variety of behaviors observed. The
unidirectional specimen had a uniform toughness over a large
range of crack lengths. The fiber-dominated layup led to
large variations in J associated with tie zone development
and breakdown. Typically the fiber-dominated layup produced
data with the most scatter. Data interpretation was often
difficult. Such large variations in toughness for similar
layups have been reported elsewhereZl. Practically, this is
unfortunate, since one would like to use this layup to study
the effect of various fiber angles at the delamination plane

without resorting to making measurements of the

moment-curvature relationship (since the relationship is
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linear so that Eg. 3 can be used). The angle-ply layup,
being a "softer" layup, and with distributed (energy
absorbing) damage, exhibited less crack jumping and scatter
in the data. However, as shown in Fig. 43, complex fracture
mechanisms were sometimes present early in the test before
the delamination plane had been established.

The effect of fracture morphology is further
illustrated in Fig. 44 where features on the fracture
surfaces are related to the toughness measured. Note that
once a more or less uniform fracture morphology was
established, the toughness values settled into better
agreement. The two angle-ply specimens shown were next to
each other in the plate of material before cutting. Dark and
light bands were formed when the crack tip jumped forward,
then arrested. Dark regions were formed during rapid crack
advance; light regions correspond to slow crack growth.
These studies of the effect of layup illustrate a major
difference between unidirectional and multidirectional
laminate delamination behavior. The opportunity for more
mechanisms of fracture leads to a greater complexity of
behavior. It is therefore essential that attention be paid
to the fracture surface morphology when interpreting the
data.

Effect of Crack Speed on J--Tests were done to
investigate the dependence of J on crack speed. The results
for a unidirectional layup and a fiber-dominated layup are

given in Fig. 45. 1In both cases there is a slight decreasing
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trend in J with increasing crack speed. This trend agrees
with the observation that when sudden crack jumping occurred,
a low value of toughness was usually measured. It is
significant to note that no strong trend can be established
for the range of crack speeds experienced by one specimen.
Thus, rate effects are not important in interpreting data for
individual specimens in this material tested at ambient
temperature.

Fracture Surface Morphology and J--The importance of
considering the fracture morphology when interpreting the
delamination toughness data has already been mentioned.
Macro- and microfractography were done to document the
fracture mechanisms which were observed. Two items are of
particular interest. First, when off-axis plies were present
at the fracture plane, toughness values were sometimes
elevated even in the absence of complex fracture mechanisms.
Apparently this was due to increased surface roughness caused
when bundles of fibers were pulled away from the fracture
surface. This feature was only observed for layups with
off-axis plies at the delamination plane. for a more brittle
system the phenomenon was found to give differences of a
factor of two in toughness between unidirectional and
off-axis specimenszs. Figure 46 is a cross-section of a
specimen (normal to the direction of crack propagation) at
the fracture surface. A bundle of fibers is separated from

the surface at this plane, but is attached to it at another

point.

102




suawydads g)0 | Puo§1D34}pun 404 p3ads Nde4d “SA ‘G 24nbyy

(s/u1) peadg >»oDi)

000170 0010°0 0100°0 10000
L ] L L
+e ¥ T =
° + -
0
R0 [ pem” 5
o) o o) +++ .f.“ g0 ¥ » N
600L x % ﬂ#&
.
LQaL o x xa.w,&.x« - ¢
yaoL
zaoL +
Lol e -,
uawoadg
S

103




A second phenomenon which is of significance is that
in almost all specimens tested, delamination was found to
occur within a ply rather than between two plies. Figure 47
shows a typical situation on a polished cross section at a
fracture surface. Note that the fracture plane does not pass
through the interply region, but stays a few fiber diameters
away from it. Practically, the presence of resin-rich
regions and ply interfaces has only an indirect impact on the
mode 1 delamination toughness when such steady-state
morphology 1s present.

Future work under the follow-on grant is expanding on
these investigations of the effect of gecometry, layup, rate
effects and fracture surface morphology. Further experiments
are being performed to explore the effect of specimen width,
especially as it relates to crack front curvature. The
effect of the number of plies and the bending stiffness of
the legs of the DCB specimen is being addressed. Also,
tests are being conducted with various fiber angles at the
delamination plane. The dependence of delamination toughness
on crack speed for matrix-dominated layups is also being
investigated over a wider range of displacement rates. An
attempt will be made to systematize the correlation between
fracture surface morphology and delamination toughness. 1In
addition to these continuing activities, new studies are
beginning to improve our understanding of the effect of
continuum damage on the apparent toughness. This wiil

probably include delamination tests which simulate mechanical
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Figure 47a Micrograph of a polished section of a failed DCB specimen
showing the fracture surface. A bundle of fibers has been
pulled away from the surface. (150X)

Figure 47b, Micrograph of a polished section of a failed DCB specimen
showing the fracture surface. The large circles at the top are
the material used to mount the specimen for polishing. (100X)
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states in real structures, such as tests using a modified DCB

specimen with bending and stretching inputs.

4.4.2 Mixed Mode and Mode II Delamination of Composite
Materials
Our efforts in the characterization of mixed mode and
mode II delamination of composite materials have fallen into
three categories: (1) a comparison of the end notch flexure
and the end loaded flexure tests to see if they give

consistent values of G (2) development of a J-integral

I1c’
approach to evaluate mode II delamination fracture toughness
for composites made of resins which have significant
nonlinear behavior and/or split laminate specimens which give
significant geometric nonlinearity during testing; and (3)
determination of the G total as a function of the percentage
of G;p as well as the state of stress ahead of the crack tip
for mixed mode loading. The results of our efforts in these

areas will be summarized in the three subsections that

follow.

4.4.2.1 Comparison of the End Notch Flexure Test and the
End-Loaded Split Laminate Test for Delamination of
Composite Materials
Several test configurations have been proposed for
measuring the resistance to delamination under mode II
loading, including the end-notched flexure (ENF) test and the

end-loaded split laminate (ELS) test. The end-notched
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(b) ELS test configuration and associated parameters.

Figure 48. Mode II delamination tests.
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flexure test configuration can be seen in Fig. 48a. This
test consists of a laminate beam with a split on one end,
loaded in three point bending. The end loaded split laminate
test consists of a split laminate beam specimen which is
loaded at the cracked end and fixed at the opposite end (see
Fig. 48b). The experimental results from the ENF and ELS
test methods may be evaluated to give GIIC using equations
derived using linear beam theory; i.e., assuming geometric

30,31

linearity and linear elastic material behavior A

review of the current literature indicates that both test

configurations are currently being used to measure GIIC3O_32‘

During a recent finite element analysis33, the ENF
test was found to be a pure mode II fracture test within the
constraints of small deflection theory. The study also
revealed that the interlaminar normal stress is identically
zero along the beam center line and the interlaminar shear
stress exhibits the expected singularity. A similar analysis
was performed for the ELS test configuration in this project
using the code described in 4.3. The results which were

presented in section 4.3.1.2 also indicate pure mode II

stressing along the center line.

4.4.2.1.1 Analysis

End-Notched Flexure (ENF) Test--The ENF test consists
of loading a split laminate beam specimen using a three point
bend fixture. Figure 48a shows the ENF test configuration

and associated test parameters. Calculation of the strain
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energy release rate G assuming linear beam theory and

linear elastic material behavior gives the following
result34,

9P2a2C

II

2b (213+3a3)

where a is the initial crack length, b is the width, C is the
measured compliance, L 1is half-span length, and P is the
applied 1load at the center pin. The strain energy release
rate G;, can also be obtained by means of an experimental

method for determining the relationship between compliance

and crack length. 1In this case, GII is given by34
2 .2
3P"ma bo
GII = —_—— (5)
2b?
where m is obtained from
C = ma3 + const. (6)

This equation is obtained by making a least squares fit of a
straight line to experimental data from measured compliance
against «crack length cubed. This data is obtained from
load-deflection <curves at different crack lengths of one of
the tested coupons of width b,-

End-Loaded Split Laminate (ELS) Test--The energy
release rate for pure mode II in this case is determined by

asymmetrically loading a split-laminate beam specimen.
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Figure 48b shows the ELS test configuration and associated
test parameters. Linear beam theory and linear elastic
material behavior are assumed by the analysis. A complete
explanation of this analysis can be found in reference 31.

From this analysis, GII can be expressed by

P 1is the 1load applied at the cracked end of the beam (see
Fig. 48b). The modulus E,, measured in bending can be shown

to be

11 R
2b & h
where & is the total beam tip deflection.

Area method--In all the methods of data reduction
previously described, the «critical energy release rate was
calculated by knowledge of the critical load P at onset of
crack growth, and the <crack 1length ’'a’ prior to crack
extension. Therefore, G is a measure of the energy

IIc

required per wunit area of <crack growth to initiate crack

propagation. However, as the crack propagates, GIIC does not
necessarily remain constant, in which case distinct
propagation and arrest values of Gie can exist.

Where nonlinear load-displacement curves are observed

in mode 1II testing, the above relationships based on linear
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analysis are no longer accurate. An alternate approach for
evaluating the fracture toughness for nonlinear behavior is
the area method. In this case, Gy is still the energy
required to create a new crack per unit area of crack surface
created. GII can then be given by

U
G = — (9)
11 b sa

U 1is the area between the load-deflection curve for loading

and unloading for a very small change 8a of crack growth (see

Fig. 50). An important advantage of this method is that only
elastic material behavior 1is required to predict GII'
Therefore, for geometrically non-linear and/or non-linear
elastic material responses, this method gives an average

release rate for the observed crack extension. For unstable
crack growth, it gives an average value for GIIc which
typically falls between the initiation and arrest values
measured for linear behavior. The load-displacement record
should return to the origin to guarantee that no significant
far field damage is included in U in Eq. 9. The inclusion of
energy dissipation in far field damage in the fracture energy
term U in Eq. 9 would give an erroneously high estimate of

G For materials where GII is independent of crack growth

IIc®
rate and crack growth increment (i.e., systems with minimal
fiber bridging and/or plastic wake), the average and
initiation GII should be identical. Furthermore, where slow
stable crack growth occurs, the average GIIC calculated from

13




Figure i
50.Alternate interpretation of Gric (area method)
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the area method should equal the GIIC for initiation
calculated from 1linear beam theory. Another advantage of
this method is that Grg is obtained without knowledge of the
materials’s elastic properties and it is always given by Eg.

9, regardless of the test configuration used.

4.4.2.1.2 Experimental Procedure

Split laminate beam specimens approximately 152.4 mm
long, 25.4 mm wide, and 4.83 mm thick for the end-notched
(ENF) test and 292.1 mm long, 25.4 mm wide, and 3.05 mm thick
for the end-loaded split laminate (ELS) test were cut from 24
ply laminated panels of Hercules AS4{,/3502 and Hexcel
T6C145/F185 graphite/epoxy composites. The starting crack
was introduced in both panels by putting a teflon insert
0.127 mm thick at the midplane during layup. Loading tabs
were bonded to the cracked end of the ELS test specimens with
a two-part structural adhesive. A Tenslac UN-10A gray
brittle coating was also applied to the edges of the specimen
to facilitate measurement of crack 1length by making the
location of the crack tip more evident.

End-Notched Flexure Testing--Five specimens for each
graphite/epoxy system were tested using a three point bend
fixture with outer loading points 101.6 mm apart attached to
a closed 1loop servo-hydraulic test machine. Prior to
testing, the specimens were precracked in order to provide a
sharp crack tip from which to initiate the mode II fracture.

Load point displacements were measured by the ram
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displacement and loads were monitored by a 2225 N load cell.
Real-time analog plots of the load-deflection curve were made
on an x-y recorder. The tests were conducted by positioning
the crack tip approximately midway between the center and one
of the outer 1loadings pins. Under displacement control
conditions and a ram rate of 2.54 mm/min, the specimens were
loaded until delamination crack growth occurred. Then, the
specimens were unloaded.

Since machine stroke displacement was used to measure
specimen deflection, a machine compliance experiment was
performed to make the necessary deflection corrections to the
data obtained during the mode II delamination tests.

Gric calculations were made using Eg. 4 and measured
compliances after appropriate machine compliance corrections
had been made. It should be noted that <corrections
associated with shear compliance were not taken into
consideration because no reliable values of the shear modulus
Gy, were available. However, these corrections are usually
small and the omission was not thought to have a significant
effect on the measured Gr1c values. The measured compliances
were obtained by curve fitting the best straight line to the
load-displacement data from the 1loading part of the test.

Equations 5 and 6 were also used to calculate G To use

IIc’
these two equations, a compliance calibration was performed
with one of the tested specimens. Finally, GIIC values
calculated by the area method were determined by means of Eq.

9. The energy absorbed in the creation of a new cracked
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surface was approximated numerically by integrating the area
under the load/deflection curves obtained.

End-Loaded Split Laminate Testing--Two specimens for
each graphite/epoxy system chosen for this study were tested
in a closed loop servo-hydraulic machine. A mode I precrack
was introduced to the specimens to sharpen the initial crack
created by the teflon insert and toc provide an initial crack
length to Dbeam length (a/L) ratio of approximately 0.55,
where stable crack growth is expected35.

Mode I1 delamination testing was done under
displacement control at a rate of 10.16 mm/min and 6.35
mm/min. Loads were recorded with a 445 N load cell.
Displacements were monitored wusing the ram displacement of
the test machine. The tests were conducted by locading the
specimens until the crack was allowed to grow approximately
10 mm ¢to 38 mm. At that point the test was stopped and the
new crack location marked and recorded. This procedure was
repeated several times with the same specimen until the crack
tip was approximately 12.7 to 25.4 mm from the uncracked end.

was calculated

The <c¢ritical eneray release rate GIIC

by means of Eqs. 7 and 9. The modulus Ell was calculated
from the load-deflection test data and Eq 3. The energy
absorbed in the <creation of a new cracked surface was
approximated numerically by integrating the area under each

loop in the load-deflection curves.

4.4.2.1.3 Results and Discussion
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End Notched Flexure (ENF) Test Results--Table 2 shows
the ENF test results for both graphite/epoxy systems
investigated. Methed I corresponds to GIIC values obtained
using beam theory equations (Eq. 4) and measured compliances.
Method 1II results are based on the compliance calibration
(Egqs. 5 and 6). Method III r=fers to data reduction based on
the area method (Eq. 9) and the energy dissipated under the
load-deflection curve. Delamination crack growth cccurred at
typical load values of 556 to 612.5 N for AS4,3502
graphite epoxy and was unstable for this material. Figure 51
shows a typical load-deflection curve of AS4,3502 graphite
epoxy showing the sudden drop of load as unstable
delamination <crack growth ©occurs. This indicates that the
GIIC values measured using the area method will be an average
of the initiation value and the value for rapid, unstable
crack growth, The wvery small nonlinearity just prior to
crack extension 1is probably associated with the development
of a crack tip damage zone.

The average critical enerqy release rate GIIC for
AS4,3502 wusing methods I, II, and 1II of data reduction were
560 J/mz, 648 J/mz, and 613 J/mz, respectively.

Figure 52 shows a typical 1load-deflection curve
obtained for mode 1II delamination testing of T6Cl45/F185
graphite/epoxy. Crack grcwth was stable as seen in the upper
part of the curve. However, the point at which crack growth
occurred is not well defined. Therefore, the maximum load

reached during each test was used to estimate the onset of
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Table 2.- End-notched Flexure (ENF) Test Results.

611¢ (/)

Material Specimen I Il 171
AS&/3502 1 525 643 612
2 508 630 595
3 560 682 613
4 523 £48 630
Av. 543 648 613

_________________________________________________ [ToTmmTemsemoseeoeooe

T6C145/F185 1 - - 2240
2 - - 2695
3 - - 2485
4 - - 1995
Av. - - 2398

* No ca'cuiation of 5. 1s posiple due to significant nonlinearity in
load/ceflection curves. I% one wuses linear portion of curves to measure

compliance and for crack extension (ignoring nonlinear

0
‘Max

Pmax)s Gpre 1oee~ bounc values of 1225 may be calculated.

behavior near
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Figure 51. Typical mode Il delamination load/deflection record of
ASU 3502 using the end-notched flexure test.
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crack growth. These values were between 1390 and 1632 N.
The curve also indicates inelastic behavior of the material
(i.e., the wunload curve did not return to the origin).
Therefore, the assumptions of the test have been violated.
It should be noted that the load-deflection curves at
different <crack lengths used for the compliance calibration
also showed non-linear behavior. However, the energy release
rate obtained by the area method gives a better approximation
of the critical energy release rate GIIc because at least the
geometrically non-linear behavior of the specimen is taken
into consideration by this method. The calculated average
Gr1c of 2400 J/m2 should be considered an upper bound
estimate of the mode II «critical energy release rate of
T6C145/F185 because the inelastic behavior is not accounted
for in this analysis. A J-integral approach to be discussed
in the next section has been developed to obtain a more
meaningful measure of the mode 1II delamination fracture
toughness of this system.

End-Loaded Split Laminate (ELS) Test Results--The ELS
test results are seen in Table 3. Method I corresponds to
Grrc calculated using Eq. 7 and with Eiq calculated from Eq.
8 and test data. Method II corresponds to the area method
(Eq. 9). An average Ejq of 125.5 GPa for AS4,3502 and 109.9
GPa for T6C145/F185 were calculated. Figure 53 shows a
typical load-deflection curve obtained by testing one of the

AS4/3502 specimens. As seen in this figure, unstable crack

growth 1is observed for the first crack extension. This is
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Figure 53. Typical moae Il delamination ioad-/deflection record of
AS4 3502 using the end-loaded split laminate test.
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Figure 54. Typical mode 1! delamination load/deflection record of

TECIU5 F185 using the end-loaded split laminate test.
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Table 3.~ End-loaded Sp'it Laminate (ZLS) Results.

G (3/7°)

Material Specimen [ Il
AS4/3502 1 630 £95
613 560
613 543
648 543
2 585 525
595 525
508 528
Av. 595 545
......... *
T6CL35/F185 1 1645 2153
2030 2030
2275 2415
2275 2363
2188 1873
2275 2118
2 1960 2643
2223 2240
2415 2083
2590 2170
2713 2765
2800 2328
Av, 2275 2260

* Nonlinearity i$ too great to satisfy linear beam theory assumpticns implicit
in the approach
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surprising, since an a/L ratio of at least 0.55 was
introduced to all ELS specimens during the mode I precracking

done prior to mode 1II testing; according to stability

analysis, crack growth should have been stable36. This is

probably the result of the additional energy storage in the
fixtures. Also, the linear beam theory used in the stability
analysis did not take into account the ncnlinearity observed,
especially at displacements greater than 50.8 mm. An average

2 2

GIIC of 595 J/m (method I) and 543 J/m

found for AS4,/3502. These results are within 10 percent of

(method I1) were

each other. However, considerable scatter was observed in
the GIIC data from each specimen (Table 3). This scatter is
believed to be the result of the significant amount of error
involved 1in measuring crack locations which 1is done by
monitoring the <crack as it propagates. 1In contrast, this
scatter was very small 1in the ENF results. A typical
load-deflection curve for T6Cl45/F185 1is seen in Fig. 54.
Stable crack growth 1is observed for all load/unload loops.
This 1s evidenced by the smooth decrease in loading rate
followed by a gradual decrease in load. 1t should be noted
that it is not known when crack growth started during this
process, which was common to both types of mode II tests for
this material. At least some of the observed nonlinear
behavior is due to inelasticity since the curves fail to
return to the origin as the specimen is unloaded. Nonlinear

behavior due to large displacements and rotations is also

observed for deflections greater than 50.8 mm,.
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The average mode II energy release rate values for
T6C145/F185 were found to be 2275 J/m2 (method 1) and 22€C
J/m2 (method 1IT). However, a systematic or mongQtonic

increase in G for method I can be observed throughout the

IIc
test. This is the result of the nonlinearity 1in the
load/deflection curve seen 1n Fig. 654, Although this
nonlinearity is less severe than the nonlinearity observed
for this material tested using the ENF test, it is sufficient
to invalidate the data analysis done using linear beam theory
(method 1I). The scatter of the results for method II (area

method) is more random and 1is associated with the

experimental difficulty in obtaining a precise measure of the

change in <crack 1length. However, these values are an
overestimation of GIIC because the curves did not return to
the origin as the specimens were unloaded. Thus, some far

field energy dissipation is unavoidably included in Grie-

A comparison of the results predicted using both test
configurations indicate that for AS4,/3502 (a brittle
composite) similar and valid results were obtained for the
ENF and ELS tests. In contrast, for T6C145/F185 neither the
ENF nor the ELS tests give wvalid results, since the
assumptions associated with each test method were violated.
Therefore, 1in order to properly characterize the “racture
toughness nf this material and tougher graphite/epoxy
composites in general, an analysis which allows for material

and gqeometric nonlinearity such as a J-integral analysis is

needed. It 1is worth noting that similar results were
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obtained for the ENF and ELS when data was analysed using the
area method. However, both results should be considered
upper bounds of the mode Il critical energy release rate of
the material. In the next subsection, an analysis for JIIC

will be presented.

4.4.2.2 J-Integral Approach for Mode Il Delamination Fracture

Toughness Evaluation

Most of the current analyses to measure delamination
resistance in composites are elastic analyses based on linear
fracture mechanics (i.e. energy release rate). However,
these analyses may become inappropriate when the inelastic
material behavior observed in the delamination process is
sufficient to give nonlinear behavior in the measured
load-displacement curves and/or permanent deformation on
unloading. This inelastic behavier may be due to
microcracking or extensive resin deformation. In fact,
Corleto and Bradley have noted that under mode II loading,
composite systems with tough matrices show considerable
non-linear behavior due to extensive microcracking and
yielding of the resin prior to macroscopic delamination crack
extension37.

Successful fracture characterizaticn of metals with
inelastic behavior (i.e. small scale yielding) has been done
by means of Rice’s path-independent J inteqralBs. The use of
this parameter as a fracture criterion has been based on a

consideration of the Hutchinson-Rice-Rosengren (HRR)39_40
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crack tip model where the stress and strain fields ahead of a
crack may be characterized in intensity by J. McClintock41
has further demonstrated that for deformation plasticity
theory a singularity in r (the radial distance from the crack
tip) exists which 1is strongly related to the J integral.
However, the path independence of this integral may not hold
true when variable damage develops as a result of unloading.
Therefore, the J integral is limited to linear, nonlinear
elastic, and elastic-plastic behavior wunder monotonic
loading. Alternatively, the «critical wvalue of J may be
thought of as giving the energy release rate required for
crack growth for nonlinear elastic materials.

In the case of fiber reinforced composite materials,
the use of the J integral as a failure criterion has been
very limited and confined to experimental approaches (i.e.,
indirectly measuring J from load-displacement data via its
energy interpretation42-45). However, Agarwal et.a142, have
shown that for short fiber composites, the stress-strain
behavior of the composite may be closely approximated by the

n

Ramberg-Osgood relation (i.e., = cl(e ) )%, justifying

)

g. .
1]
the wuse of the J integral as a fracture criterion for short
fiber reinforced <composite materials. Furthermore, they
argued that since the local unloading of the matrix resulting
from microcracking and debonding at the interface does not
necessarily also occur in the fibers, this observed crack tip
damage does not lead to material unloading to the same extent

as a crack extension does in metals. Therefore, although the
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requirement of no unloading 1is not completely met, its
influence will be quite small for some applications, and
thus, may be ignored for some applications.

In a recent investigation, an additional approach for

characterizing fracture of inelastic composite materials has

been made by Schapery46. He wuses strain-energy like
potentials to characterize material response (i.e., °ij =
BW/aeij). Theoretical support for the existence of these

potentials 1is given by the thermodynamics of reversible
processes. The potentials are free energy and internal
energy for isothermal and adiabatic processes, respectively.

Schapery argues that if a potential of this nature exists, it

is often possible to wuse Rice’s J integral theory38 to
simplify fracture analysis.
In the present analysis, an approach similar to

Schapery’s 1is proposed to evaluate the mode II fracture
toughness of composite laminates with inelastic behavior. J
is defined for the end-loaded split laminate test (mode II)
specimen and the implications of the analysis reviewed.
Also, some limited assessment of the proposed method has been
done. A more complete evaluation of the utility of It to
evaluate mode II delamination fracture is being undertaken in

the new contract.
4.4.2.2.1 Theoretical Model

Figure 5 shows the unsymmetric end-loaded split

laminate test wused to determine the critical energy release
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rate GIIC for the mode II delamination of fiber-reinforced
composite materials. The test consists of loading an split
laminate at the cracked end, with the opposite end fixed to
achieve a mode II stress state at the crack tip. As has been
previously noted, inelastic behavior has been observed for
composite systems with tough matriceszg. Further, inelastic
behavior 1is expected if a significant volume fraction of off
angle fibers are present in the layup. This inelastic
behavior then invalidates the standard elastic methods used
to measure fracture toughness. In order to develop an
analysis where inelastic behavior is accounted for, consider

Rice’s J 1integral, as extended to crack growth in inelastic

media with large deformation by Schapery47

c1 [wodx2 - 'I‘i (aui/axl) dL (10)

where vy is the work potential density, T, the tractions
along Cl' and uy the displacements. A rigorous proof and
support for the wuse of work potentials to characterize the
behavior of materials and structures with damage is given
elsewhere. Figure 56 shows the counterclockwise integration

path C The contribution to J from this contour comes from

1
the 1left and right wvertical segments only, since for the
outer horizontal segments, dx2 =T, =T, = 0 which also holds

true for the inner vertical segments (crack surfaces) if

friction 1is assumed to be negligible between the crack

surfaces. Further, assuming small strains and that the left
vertical segment experiences small rotations and right
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Figure 55. End-loadec split laminate test used for mode Il delamination
of composites.
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dL

Figire 5t. Contour used to evaluate Jy1 for the end-loaded split
laminate test.
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vertical segment is evaluated far enough away from the crack
tip and fixed end as to avoid nonuniformity in the stress

field, using small rotation theory

du2

2 M
J —[[de-P ) -
Il B 0 dxl L

du2

[ ?'k dM - 2P— ] (11)

0 dxl R

w |

where M and duz/dxl are the moment and slope, respectively.
The subscript L and R indicate evaluation of the integrals

corresponding to the left and right vertical segments,

respectively. B is the width of the specimen. 1If k =
dzuz/dxl2 is used to obtain the slope, Equation 11 reduces to
1 Ma Ma
I = - (2 fxam - fk an (12)
B 0] L 0 R
where M, corresponds to the moment at the crack tip. (See

Appendix 1 for a detailed derivation of this equation).
Equation 12 indicates that the result is independent of the
location of the segments and both are equal to that evaluated
at the crack tip. This path independence will be met as long
as the crack propagates at a constant maximum moment Ma. For
a long laminate that is initially homogenous in the x4

direction, constaunt Ma indicates that the stress and strain

state in the neighborhood of the crack tip is independent of

crack length (self similar growth condi‘ions). Under this
condition, the energy release rate GII can be shown to be
equal to J calculated using Eq. 12. Further, since small

II
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rotations are only reguired from the fixed end up to the
neighborhood of the crack tip, Eg. 12 will also be valid for
large rotations at the loaded end. See Ref. 46 for further
explanation of the ability of this type of analysis to
characterize fracture.

Equation 12 can be shown to reduce to G as given by

II
linear beam theory by substituting k=M/EI, and noting that

M=Ma—Pa for the left segment, M=Ma=2Pa for the right segment,

o,48 . .
and IL—IR,S . This gives,
6 p2al
J = (13)
II
B E IR

where In is the moment of inertia of the uncracked segment of

the beam.

4.4.2.2.2 Experimental Methods

Limited experimental wverification of JII as given by
Eq. 12 has been done with a 1.0 x .121 in. x 8.0 in. and a
1.0 in. x .188 in. x 6.0 in. split laminate of unidirectional
AS4,3502 and T6T145/F185 composites, respectively. The
former one has a brittle matrix and the latter one a tough
matrix. Typical mode II delamination tests have been
performed on both composite systems, carefully recording the
moment arm (distance from load line to crack tip) and load at
onset of crack growth. Moment-curvature relationships (e.g.,
Fig. ©57) for these composites have been obtained with beams

having one-half (cracked portion) and full lay-up (uncracked
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portion) of the split laminates tested in mode II
delamination. Finally, JII calculations where obtained with
1
Jir =~ [ 2 (shaded area L) - (shaded area R)] (14)
B

where shaded area L and shaded area R are shown in Fig. 57.

4.4.2.2.3 RESULTS AND DISCUSSION

Figure 58 shows the load/deflection curves obtained
for the delamination tests. Stable as well as unstable crack
growth occurred on both systems. Figures 59 and 60
correspond to the moment-curvature relationships. For both
systems these relationships were linear. Figures 61 and 62
show the JIIC and GIIC values measured, plotted as a function
of crack 1length for AS4,/3502 and T6T145/F185, respectively.
Also, Tables 4 and 5 show the overall results obtained during

the tests. An average J of 2.5 1lb/in and a Gric of 2.7

IIc

lb/in for AS4,3502 and J of 12.0 1b/in and G In the

IIc IIc’

case of AS4,/3502 the difference between J and G amounts to no
more than 10 percent. This small discrepancy can be
explained by carefully observing the locad/deflection record
in Figure 58a. Notice how the curves consistently have a
steeper slope as the load increases indicating a stiffening

effect. Obviously, which is based on linear beam theory

GII
will measure higher values of the energy release rate. This
stiffening effect 1is not well wunderstood yet but in this

case, it seems that it 1is not due to large rotations and
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(b) Moment-curvature for loading of right segment
of split laminate beam (uncracked)

Figure 57. Moment-curvature test needed to experimentally evaluate J;;.
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60

I 1 I
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
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Figure 59a. Moment-curvature relationship correspending to the cracked
portion of unidirectioanl ASY4/3502 composite.
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Figure 59b. Moment-curvature relationship corresponding to the uncracked
portion of unidirectional AJ4/3502 composite.
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T6T145/F185 (Thickness = h/2)
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Flgure tUa. Moment-curvature relationsnip corresponding to the crachd
portion of unidirectionai TET14S F185 composite.
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400

300

200

100 +

| i I { |
0.000 0.005 0.010 0.015 0.020 0.025

CURVATURE (1/IN)

Figure cUb. Moment-curvature relationship corresponding to the uncracked
portion of unidirectional T6TI1LU5/F185 composite,
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Figure 61.
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Mode [l fracture toughness as a function of crack length of
unitdirectional AS4/3502 composite.
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deflections since the a/L ratios for this test are within the
linear regime. Instead, friction between the <cracked
surfaces can be a factor <contributing to the problem,
especially as the crack grows. If this is the case, the
proposed J.; will not take into consideration these friction
effects, and thus, will give an artifically high indication
of the energy required per unit area of crack growth.

For T6T145/F185, Grie is at least 20 to 25% higher
than JIIc' Observing the load/deflection record (Fig. 58b)
for this system during delamination, it can be seen that the
curves failed to return to the worigin wupon unlocading,
indicating inelastic deformation during the test. It is very
clear that GIIC will yield a overestimate of the critical
energy release rate because some energy was dissipated in the
far field, but was 1included in the energy associated with
creating an new surface. Corleto and Bradley have noted that
the 1inelasticity for these composite systems with tough
matrices is the result of considerable matrix deformation and
yielding ahead of the crack tip (long damage process zone)37.
Iin contrast, J,, . appears to successfully measure the
fracture toughness of this material as evidenced by the lower
JIIC values measured. Further, the small scatter and
consistency found in the measured JIIC'values indicate a
constant crack tip moment when the crack was growing.
Therefore, the path independence and self similar growth

conditions assumed by the analysis were not violated.

Finally, even these this limited results are

142




Table 4. Mode 11 Fracture Toughness of Unidirectional ASU/3502 Composite.

Crack Length Moment Arm P M M G J
(in) (in) ¢ (in1b)  (in-fb) H8o/in) 1€
6.53 6.4 9.9 31.68 63.36 2.53 2.38
6.6 6.45 9.95 32.09 64.18 2.61 2.44
6.72 6.5 9.9 32.18 64.35 2.68 2.46
6.79 6.6 9.86 32.54 65.08 2.7 2.5
6.88 6.7 9.69 32.46 64.92 2.68 2.50
7.05 6.8 9.5 32,1 64.2 2. 2.44
7.7 6.75 9.57 32.3 64.6 2.85 2.47
Avg. 2.68 2.46
P, - Critical load.

M; - Crack tip moment applied to uncracked portion of split laminate.
M, - Crack tip moment applied to each of the cracked portions of
split laminate

Table 3, Mode 1l Fracture Toughness of Unidirectional T6T145/F185 Composite.

Crack Length Moment Arm p M M Gy J11a
(in) (in) af)  (in-To)  (in-Yo)  fiesim'iC
3.3 3.24 81.68 132.24 264.48 14,45 11.66
3.5 3.44 79.61 136.91 273.82 15.45 12.45
5.18 5.05 52.6 132.81 265.63 14.78 11.76
5.33 5.3 50.6 134.09 268.18 14 .3 11.99
5.55 5.48 49, 134,26 268.52 14,35 12.02

Avg. 4.7 12.
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Figure 62. Mode [l tracture toughness as a function of crack length of
unidirectional T6T1U5,F185 composite.
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encouraging, a complete assessment of this analysis will
require testing composites with different extents of damage
induced by layups dominated by off axis fiber orientations.
Further, the &effects of variable ply thickness and specimen

widths on J should be assessed.

4.4.2.3 MIXED MODE DELAMINATION

Using a asymmetrically loaded split laminate (see Fig.
63), one can achieve a variety of combinations of mode I and
mode II loading. The total energy release rate 1s given by
the sum of the mode I and mode 1II values, GIc + Grrer

calculated using the relationships:

(e L)? 3(p L )7
Gp = Gy + Gy = —>S— (15)
BEI 4BEI

where I 1s the moment of inertia of one leg of the split

portion of the laminate, P_ = (P

s U+PL)/2 and Pa = (P . -P_),/2.

U L

For composites made from brittle resins, the Gr is seen to
increase with 1increasing percentage of mode 1II loading,
especially above about 40% mode II. By contrast, the G for
a composite made from a ductile resin system is found to have
very little dependence on the %GII used in achieving
delamiantion. Typical results have previously been presented
in Fig. 12 (section 4.1) with additional results provided in

Table 4. The reason for this behavior has previously been

explained in detail in section 4.1.
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4.5 FRACTORGRAPHY AND FAILURE ANALYSIS

There has been considerable confusion over whether it
is possible to determine <crack growth direction 1in an
unambigeous way from the direction the hackles point. The
results of the in-situ observations in this study clearly
indicate that hackles <can point either in the direction of
crack growth or opposite to the direction of crack growth, as
previously seen in Fig. 9. Furthermore, the development of
damage ahead of the «crack tip gives some serious question
about how reliable some of the surface features may be in
determining crack growth direction. Unless all of the damage
ahead of the crack tip develops in a very consistent way,
using the artifacts that result from this damage can be
misleading 1in fractographic 1interpretation. A great deal
more work needs to be done to establish that such a regular
pattern is present in the development of the damage zone that
unambigous information concerning the crack growth direction
can be inferred form fracture surface details. More details
in this —regard are contained in papers 5.4 and 5.6 section

5.0 of this report.
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APPENDIX I
Derivation of J for the end-loaded splii lawinate tcct

Assumptions:

(1) material homogeneity with respect to x, axis.

{2) small rotations from fixed end of beam to the
neighborhood of the crack tip. Therefore, the
following apply:

Uy, vertical displacement of the center line of beam

2
ooy du2a aul . d usy .
1771 ! -T2 S R
dxl axl dx1
2 2 au2 du
k = d uz/dx1 , curvature ; —_— —= , slope
axl dx1
(3) friction forces at crack interface are negligible (this

is accomplished in the specimen by placing a teflon insert
between the crack surfaces).

Analysis:

Using Rice’s J integral as extended by Schapery47,

J ifwodx2 - T, (du,;/3x,)]dL (AL)
C
1
Ir1 for the specimen confiqguration of Fig. I.l1 will be given
by
Jip =91 Iy I3 H T, I+ T+ Ty (A2)

where Jy correspond to the contribution of Jit coming from

the counterclockwise contour C, shown in Fig. I.2. J, = J, =

1 1 3

Jg

= 0 since dx2 = Ti = 0 for these cases (see Fig. I.2).
Therefore, the only contribution to J comes from Jz, J6 and
Jg- The two former ones are equal due to symmery and will be
evaluated close enough to the crack tip so that small

rotation beam theory applies (assumption 2). J, will be

4
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m -~rey

evaluated far enough from the crack tip and fixed end to
avoid nonuniformities in the stress field. Let’s consider I
first. Since T, = °ijnj and noting that the limits of
integration for path 4 are -h/2 and h/2 for the lower and

upper limits, respectively,

h/2 h/2 aul auz

J4 = W dx2 - [ (ollnl —_— T2 -— ) dL] (A3)
ax1 axl

-h/2 -h/2

Using the expressions stated in assumption 2, and further
assuming that

€11
W, = . Ulldsll (neglecting shear)
and since dL = dx2 and the unit outward normal n, = 1, Eg. A3
becomes
h/2 €11 h/2 du2 h/2
J4 i/~ [ olldelll dx2 :/A %q 44 dx2 - g;—j[ Tzdx2
~h/2 0 ~h/2 Yoh/2 (a3a)

Now by means of the following

}fh/z 2p
> = - kx, ; de = - x, dk ; T,dx, = - —
11 2 11 2 ~h/2 2772 B
and performing a change of variables,
~ h,/2
h/2 /2 2P du2
./ _/ 1% dxz)dk i/. (—cllxzdxz) + — ——° (A.3b)
B dx1
-h/2 -h/2
Further,
M ){h/Z
- = (~0,,%x,dx,)
B ~h/2 1172772
thus,
1 Ak k 2P du2
J4 = ——;/~ Mdk - - M+ — —
B/ 0 B B dx.
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Integrating by parts (u = M du = dM dv = dk v = k)

1 M Mk 2P du,
Jg = — (Mk - kK dM) - — + — —=
B 0 B B dx,
1 2Pdu2 M
I, — _/ kK dM) (A3c)
B dxl 0

To evaluate J6 or J, the same procedure as that followed for

J, was performed. For these cases one must notice that dL =
-dx2 and n, = -1 and thus,
0 € 0 3u du P
11 1 2
Jg = J{ clldelldx2 i/r 9] T dx2 - - (A4}
axl dxl B
h/2 0 h/2

which can be reduced to

1 M P du2
Jy = Jg = = ][ k dM - - — (Ada)
B B dx
o} 1
Addidng J2, J6 and J4,
2 M du2 1 M du2
Jip == | k dM - P —= | - - {/ k dM - 2P — | (A2a)
B 0 dxl L B 0 dxl R

where the subscripts L and R indicate evaluation of the
guantities lnside the brackets corresponding to the left

(paths 2 and 6) and right (path 4) vertical segments of the

beam.
In order to establish the path independence of JII’ it

will be evaluated at a distance X4 from loaded end.

Left segment:

since dzuz/dxl2 = k, the slope of any segment in the cracked

part of the beam at a distance X from the loaded end is

given by
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d“Z 1 2Pa 1 (Px
dx, 2P J2pL R P Jra L

Substituting this expression into Eg. Ada and evaluating the

integral for X1

1 Pa a
Jg = = | [2[ k dM ] - [jyde 1} (A5)
B 0 L 0 R

where J refers to the contribution to It coming from the
left segment of the beam (cracked part). As it can be seen,
this expression is independent of path (i.e. independent of
xl).

Right segment:

The slope of any segment in the uncracked part of the beam at
a distance xq from the locaded end is given by

du2 . 2Px1

—_ = [ — k dM] R
dx 2P
2PL

Substituting the above expression into Ja and evaluating the

integral for Xy
rZle ~0

{1 kdM +j kdM ] } = JR = - — [ kdM]
2PL 2Px R B

1
J, = -
B 1 0 R

4

where JR refers to contribution to JII comirg from right
segment of beam.
Finally, by adding Eg2. A3d and A5, we obtain
1 Pa 2Pa
JII = — { 2 [[ kdM] - 4~ kdM] (A6)
B 0 L 0 R

which is Equation 12 as shown in Theoretical Model section.
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Mike F. Hibbs, ' Ming Kwan Tse, * and Walter L. Bradley'

Interlaminar Fracture Toughness and
Real-Time Fracture Mechanism of Some
Toughened Graphite/Epoxy Composites

Authorized Reprint from Special Technical Publication 937, 1987
Copyright American Society for Testing and Materials, 1916 Race Street, Philadeiphia, PA 19103

REFERENCE: Hibbs, M. F, Tse, M. K., and Bradley, W. L., “Interiaminar Fracture
Toughness and Real-Time Fracture Mechanism of Some Toughened Graphite/Epoxy
Composites,” Toughened Composites. ASTM STP 937, Norman J. Johaston, Ed., Amen-
can Society for Testing and Materials, Philadelphia, 1987, pp. 115-130.

ABSTRACT: Five graphite/epoxy composites containing toughened epoxies prepared at

Dow Chemical and AS—4 graphite fibers from Hercules have been studicd in Mode [, mixed

mode, and Mode [I to determine their delaminanon fracture tough G, and the*control- ‘
ling micromechanism of fracture. The G. values were determined using split laminate r
specimens. The delamination fracture process was observed in real time in the scanning k
electron microscope. To increase delamination fracture toughness, both an improved inter-
face as well as higher resin toughness were found to be required. Increasing Mode (I
loading, parucularly of the more bntle systems. gives a significantly greater resistance
to crack propagation as micasured by the tota) energy release rate required to propagate
the crack.

KEY WORDS: composite material, delamuinason, mixed mode, Mode 1, graphite/epoxy.
toughened, in situ fracture

Nomenciature

B Specimen thickness

C Compliance of test coupon

£ Elastic modulus in the fiber direction ;
G, Energy release rate for Mode | loading (opening mode) ]
Gy  Energy release rate for Mode U loading (in plane shear) |
G, Critical energy release rate for siable crack growth for Mode | loading _

Gy Critical energy release rate for stable crack growth for Mode 1l loading

'Research assistant and professor, Mechanical Engincering Department, Texas A&M Umiversity.
Engineering Research Center, College Station, TX 77843
!Senior research engineer, The Dow Chemical Company Resins Research, B-1215 Bldg.,

Freeport, TX 77541.
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130 TOUGHENED COMPOSITES

(5) Russeil, A.J. and Street, K.N., “Moisture and Temperature Effects on the Mixed-Mode,’
Delaminstion Fracture of Unidirectional Graphite/Epoxy.” in Delamination and Debonding of \ |
Materials, ASTM 5TP 876, W.S. Johnson, Ed., Amencan Society for Tesung and Matenals, %
Philadelphia, 1985, pp. 349-370. «

{6]) Bradley, W.L. and Cohen, R. N., “Matrix Deformation and Fracture in Graphite-Reinforced
Epoxies,” in Delaminarion and Debonding of Materials, ASTM STP 876, W.S. Johnson, Ed.,
American Society for Testing and Materials, Philadelphia, 1985, pp. 389—410.

[7] Hunston, D. L. and Builman, G. W., “Characterization of Interlaminar Crack Growth in Com-
posites: Double Cantilever Beam Studies,” in /985 Gramt and Contract Review. NASA Langley
Research Center Materials Division, Fatigue and Fruacture Branch, Vol. II, 13-14 Feb. 1985




William M. Jordan ' and Walter L. Bradley'

Micromechanisms of Fracture in 5
Toughened Graphite-Epoxy Laminates ,

Authorized Reprint from Special Technicai Publication 937, 1987
Copyright American Society for Testing and Materials, 1916 Race Street, Philadelphia, PA 19103

REFERENCE: Jordan, W. M. and Bradley, W.L., “Micromechanisms of Fracture in
Toughened Graphite-Epoxy Laminates,” Toughened Composites. ASTM STP 937,
Norman J. Johnston, Ed.. American Society for Tesung and Matenials, Philadelphia, 1987,
pp. 95-114.

ABSTRACT: The combination of low cross-link density and elastomer additions has been
seen to give the most potent toughening for neat resins. A relatively small increment of the
additional neat resin fracture toughening above 800 J/m’ is actually reflected in the delami-
nation fracture toughness of a composite. Mode {I delamination toughness of brirtle systems
may be as much as three times the Mode | delamination fracture toughness, while a ductile
system may have a Mode I delamination fracture toughness that is simtiar to the Mode | :
vaiue. The energy absorbed per unit area of crack extension for delamination seems to be I
independent of ply orientation if proper accounting of the near and far field energy dissi-

pation is made. i

KEY WORDS: composite materials, delamtaation, Mode |, Mode [, mixed mode, 1ough- g
ened epoxy E

Nomenclature i
11

B Specimen

E Elastic modulus in the fiber direction

G, Cntcal energy release rate for stable crack growth for Mode [ loading
Gue Critical energy release rate for stable crack growth for Mode II loading

Gra.c Total critical energy release rate for mixed mode loading

{  Moment of inertia for cracked portion of split laminate

L. Crack length in split laminate

P, Asymmetric load component (P, + P;)/2 (see Fig. 1} !
P, Symmetric load component (P, — P;)/2 (see Fig. 1)

P, Load applied to upper half of split laminate (see Fig. 1)

This work performed at Texas A&M University was supported by the Air Force Office of Scientific
Research with Major David Glasgow as project monitor.

'Research assistant and professor of mechanical engineering, Mechanical Engineering Department,
Texas A&M University, College Station, TX 77843.
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114 TOUGHENED COMPOSITES

Mode 1l delamination fracture toughness that is similar to the Mode [ value. The
energy absorbed per unit area of crack extension for delamination seems to be
independent of ply orientation if proper accounting of the near and far field
energy dissipation is made.
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A Comparison of the Crack Tip Damage Zone for Fracture
~of Hexcel F185 Neat Resin and T6T145/F185 Composite

E. A. CHAKACHERY and W. L. BRADLEY

Texas A&M Unlversity
College Station, Texas 77843

Hexcel F185 neat resin and T6T145/F185 graphite fi-
ber-reinforced composite were subjected to Mode | loading
in the compact tension (CT) geometry (fibers parallel to the
crack) and the energy per unit area of crack extension. J,.
determined to be 8100 and 1600 J/m? respectively. In-situ
fracture studies using scanning electron microscopy on a
CT-type specimen of F185 showed extensive microcrack-
ing in a damage zone ahead of the crack tip. which was
similar to the microcracking observed in the whitened area
ahead of the crack tip in the macroscopic CT specimens.
A simple calculation using a rule of mixtures approach
suggests that the diminished size of the damage zone and
the presence of rigid fibers in the damage zone in the
composite are not a sufficient explanation for the signifi-
cantly lower delamination toughness of the composite
compared to the neat resin. From this it may be inferred
that the strain to fatlure locally in the damage zone ahead
of the crack in the composite may also be lower than that
which can be tolerated in the neat resin. Evidence for this
idea comes from the observation that microcrack coales-
cence seems to occur preferentially at the fiber/resin in-

terface.

INTRODUCTION

Delamination in graphite fiber-reinforced
resin composites is well known to limit the
extensive use of these materials in some struc-
tural applications. Much effort has been di-
rected in the past decade towards improving the
delamination fracture toughness of graphite/
epoxy composites (1 to 10). Since the delami-
nation crack propagates through the interlam-
inar resin rich region. the emphasis has been
on obtaining epoxy resins with improved frac-
ture toughness. The addition of elastomeric
modifiers was shown (1 to 6) to dramatically
increase the fracture toughness, G,. of the ma-
trix resin, but resulted in a quite modest in-
crease in the delamination fracture toughness
of the composite (7, 8). This was shown (8 to
i0) to be primarily due to the reduced volume
of resin deformation in the damage zone ahead
of the delamination crack tip since the fibers
act as rigid fillers in the ductile matrix. Evi-
dence in support of this conclusion was ob-
tained (9. 10) from the observation that a de-
crease in the fiber volume fraction resuited in
an increase in the delamination fracture tough-

ness. The current investigation was undertaken
to attempt to correlate the delamination frac-
ture toughness of the composite with the frac-
ture toughness of the neat resin. The determi-
nation of the fracture processes occurring in
the vicinity of the crack tip in both the compos-
ite and the neat resin was a necessary first step.
If these events are nominally the same, then
there may be a relationship between neat resin
toughness and delamination toughness.

To study the relationship between neat resin
fracture toughness and composite delamin.atio:
fracture toughness, in-situ observations
each fracture process have been made ;! -
scanning electron microscope (SEM) These
servations have been correlated with v -
scopic measurements of a composite e
this neat resin. A simple model huas e
posed to relate the microscopic ohsery
the fracture processes to the obseryes
scopic mez surements of fracture i <2t

The resin system selected o 1t o
the F185 formulation commer.:.
from Hexcel Corp. It is a relative |
(9 per cent elongation in 4 0 ° - .,
with a reported tracture *
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Fig. 1. Load-displacement record for 1T compact tension
spectmen of F185 resin showing considerable non-line-
arity.

gral analysis according to ASTM E813-81. A
well defined J-R curve was obtained from which
a J. value of 8100 J/m? was determined. This
is considerably higher than the value of 6000
J/m? reported by the manufacturer (11). This
difference may be due to our use of fatigue
precracking rather than razor notching or due
to our use of a nonlinear rather than linear
analysis. If we use the linear elastic analysis in
ASTM E399-81. we obtain a Kg value of 2700
J/m? from the 5 percent secant offset value of
Pg. However, Pmax is much greater than 1.1
Pg. and the specimen thickness is less than that
required by ASTM-E399 for Ky to be equal to
K. Thus, the linear elastic analysis is invalid
for our specimen size. If we use Pmax and the
actual crack length at Pmax in a LEFM calcu-
lation, we obtain a “K,.” which has an equivalent
G, of 6300 J/m? which is similar to the 6000
J/m? obtained by Bascom and coworkers (2)
using a similar apProach. We beiieve that the
value of 8100 J/m* obtained in this work using
fatigue precracked specimens and a J-integral
analysis is a more meaningful measure of the
fracture toughness of the F185 resin.

A J-integral approach was also used to ana-
lyze the data obtained in the CT specimens of
the composite. The J, for transverse crack
growth thus obtained was 1600 J/m? which
compares very well with recent results by Bas-
com (13). The macroscopic test results may be
summarized as follows: the neat resin fracture
toughness was 8100 J/m?, whereas the delam-
ination and transverse cracking in the compos-
ite gave toughness values of 1900 J/m? and
1600 J/m? respectively. Thus, crack growth in
the composite parallel to the fiber direction is
much easier than crack growth in the neat
resin.

In-Situ and Post Mortem Fracture
Observations in SEM

Fracture studies conducted in the SEM on the
F185 neat resin indicate that the zone ahead of
the crack tip undergoes extensive microcrack-
ing (Fig. 2). There has been some recent contro-
versy as to whether these are actually micro-
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cracks in the resin or microcracks in the 150A
thick gold-palladium coating applied to the
specimens to minimize charging. To try to verify
that these are actual microcracks in the mate-
rial, we have recently polished two sides of an
AS4/3501-6 graphite/epoxy composite, coated
one side with a 150A thick layer of gold-pallad-
fum in the usual way, delaminated the speci-
men in the SEM, removed the specimen with .
the wedge Intact to avoid viscoelastic recovery
and closure of the microcracks, and then coated
the other side with gold-palladium in the usual
way, and then examined it in the SEM with the
wedge still ‘intact. The results of this exercise
are presented in Figs. 3(a) and 3(b). The micro-
crack morphology on the side coated and then
deformed is essentially indistinguishable from
the microcrack morphology seen on the side
deformed and then coated. Thus, we believe
that the Au/Pd coating is not responsible for
the microcracking seen on the surface of our
composite specimens.

The microcracked region ahead of the crack
tip of the F185 neat resin (Fig. 2) extends 60 to
70 um above and below the crack tip and is
shaped somewhat like a kidney bean. Crack
propagation under fixed grip conditions oc-
curred ‘n a discontinuous manner via a time-
dependent coalescing of the microcracks ahead
of a blunted crack tip. With each successive
extension, crack advance of 120 to 150 um was
observed, resulting in a very sharp crack tip
with relatively few microcracks ahead of it. The
applied crack opening displacement was then
increased essentially instantaneously, and with
this increase, the microcrack density ahead of
the crack tip would gradually increase with
time, accompanied by crack tip blunting at the
formerly sharp crack tip. Again, a critical den-
sity of microcracks (or crack tip strain) is
reached and crack extension occurs by micro-
crack coalescence as before. Evidence of this
process is seen in the post-mortem fracto-
graphic examination as relatively flat regions of
crack extension, separated by the small lips
that probably arise from crack tip blunting,
preceding the next crack extension (Fig. 4). This
appearance is typical over the whole fracture
surface, indicating that the phenomena ob-
served at the surface is typical of the bulk frac-
ture behavior.

If crack extension does indeed occur by mi-
crocrack coalescence, then the relatively flat
regions between lips seen in Fig. 4(a) and (b)
should be found on examination at higher mag-
nification to be composed of many small facets
with Jedges between them. This is exactly what
is observed at 10,000x magnification, as shown
in Fig. 4(c). It is worth noting that even at this
very high magnification, the individual facets
do not seem to have fractured by a brittle cleav-
age. The surface is relatively textured, with cav-
fation presumably at the rubber particle addi-
tions, which suggests that the microcracking is
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A Compartson of the Crack Tip Damage Zone

Fig. 4. Fracture surface of F185 resin. Crack growth (s
Jrom left to right. (a) 330%. Away from the free surface.
Arrows indlicate a lip formed by crack tip blunting after
a growth sequence. (b} 330x. Just adjacent to the free
surface. (c) 10.000x. Detall of a relatively flat reglon (n
(a). Cauttation due to phase separated CTBN. Facets sep-

arated by ledges probably correspond to microcrack coa-
lescence.

tip can be made equally well in either case. The
possibility also exists that microshear bands
formed perpendicular to the surface can give
rise to sharp contours, which, when viewed on
edge. appear as microcracks on the surface, It
should also be noted that microcracking and
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deformiation have the same beneficial effect of
redistributing the load away from the crack tip
and lowering the local stresses at the crack tip.
Thus, from a physical point of view, either pro-
cess enhances toughness.

In-situ delamination studies on TET145/
F185 composite show that the resin micro-
cracks quite extensively in the vicinity of the
crack tip. The microcracking extends from the
interlaminar region and into the ply about 50
um above and below the crack (Fig. 5). Here, as
in the resin, the crack propagates by microcrack
coalescence and In the same discontinuous
manner. At each stage, however, the crack tip
blunting is apparently less than in the F185
resin and the discontinuous extension varies
from 40 to 100 pm. The coalescence of micro-
cracks occurs predominantly at the fiber resin
interface. Thus it appears that the presence of
the fibers prevents the development of the full
resin toughness from being realized due to pre-
mature microcrack coalescence at the fiber
resin interface.

The presence of the rigid fibers also restricts
the height above and below the delamination
plane over which deformation and microcrack-
ing occurs (100 um in the composite, compared
to 130 um in the resin). However. the region of
microcracking ahead of the crack tip is actually
increased from 25 um in the resin to about 50
um in the composite.

The fracture surface of the delaminated spec-
imens showed evidence of cavitation, voiding,
and microcracking (Fig. 6). The resin region of
the composite delamination fracture surface
shows more coarse cavitation than in the neat
F185 resin fracture surface, where voids were
relatively fine and more homogeneously dis-
persed. Furthermore, the voids seem to be more
dense in the resin adjaccnt to the fibers (Fig.
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Ftg. 5. 1000x. In sttu delamtnation of T6T145/F 185 com-
posite showtng microcracking in the damage zone ahead
of the crack tip. Note microcracking {s more dense adja-
cent to the fibers. Preferenttal microcrack cuvalescence
near the restn fiber interface where the microcracks are
tnclined to the primary crack.
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A Comparison of the Crack Tip Damage Zone

m? in the composite delamination f{racture
toughness. The first two of these three factors
can be quantified based on actual observations.
If one assumes that microcracking begins for
strains above a threshold strain, then the extent
of the microcracked zone can be used to quan-
tify the magnitude of the h in Eq 2.

A cross-section of the composite prepared me-
tallographically to reveal the microstructure
(Fig. 8) may be used to determine the volume
fraction of fibers in the hypothetical tensile
specimen ahead of the crack tip. Since the vol-
ume fraction is quite nonuniform, the micro-
structure was divided into three regions: the
resin rich region between plies with a fiber
volume fraction of 19 percent; the ply region
with a volume fraction of fibers of 76 percent
and a transition zone with a volume fraction of
approximately 33 percent. The relative heights
of these three regions are shown in the sche-
matic in Fig. 9. along with the height of the

Fig. 8. 600x. Cross section of T6T145/F 185 showing in-
terlaminar resin rich region.

2h 2h°

resin 2h° 130 um

— - — = composite 2h 100 um

Ftg. 9. Schematic showtng relative height of damage
zone (n F185 resin and T6T145/F 185 compostte.

microcracked zone in the F185 resin. Using a
simple rule of mixtures approach, and taking
account of the smaller microcracked (and de-
formed) zone, one may estimate the delamina-
tion fracture toughness to be 4000 .J/m? as
shown below:

= % fhall = VA4) + hg (1 = VE))
+ he{l = V<))

This calculation implicitly assumes that the lo-
cal strain to fracture in the F185 resin and the
composite are the same, and that the stress
distribution is also similar, at least on average.

Since the measured value of delamination
fracture toughness in this system is 1900 J/m?,
the estimated value of 4000 J/m? is seen to be
quite excessive. It also strongly suggests what
the (n-situ fractography has already indicated:
namely. that preferential microcrack nuclea-
tion at the fiber/resin interface leads to pre-
mature failure, preventing the realization of
4000 J/m? that might otherwise be possible.
This suggests that more attention to the inter-
phase region is required if a greater fraction of
the intrinsic toughness of the neat resin is to
be manifested in delamination fracture tough-
ness of the fiber-reinforced composite material.

SUMMARY

1. The delamination fracture toughness of
the T6T145/F185 composite is 1900 J/m?2,
whereas the fracture toughness of the neat
F185 resin is 8100 J/m?.

2. Microcracking in the resin appears to be a
significant deformation mode for load redistri-
bution at the crack tip.

3. Crack propagation occurs in a discontin-
uous manner through microcrack coalescence
ahead of the crack tip.

4. In the composite, the microcracking is
coarser and coalescence seems to occur prefer-
entially at the resin-fiber interface.

5. The height of the deformation zone, above
and below the plane of crack propagation. is
greater in the resin than in the composite.

6. Comparison of the relative heights of the
damage zone yielded 4000 J/m? as a calculated
delamination G, for the composite, which is an
over-estimation by a factor of two.

7. 1t may be inferred that the strain to failure
in the composite is lowered, probably due to
premature microcrack coalescence at the resin
fiber interface.
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Crack Tip Strain Field Measurements Determined In-Situ in Scanning
Electron Microscope for Mode I Crack Extension in a Polymeric Material

by
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Mechanical Engineering
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INTRODUCTION

It has been recognized for some time that increasing the resin toughness in
composite materials does not give a proportionate 1Increase in the delamination
fracture toughness of these materials.!s?2 It has been suggested that the reason
for this smaller increment of increase in delamination toughness compared to the
increment of increase in toughness in the neat resin is due to reduction in
crack tip strain possible in the composite due to interference of the fibers.

The addition ot fibers to a ductile resin system could potentially reducve
the crack tip strain for at least three reasons.l'5 First, failure in the
compuosite might occur at the fiber/matrix interface prior to the extraction of
the full potential ductility out of the resin. Second, the presence of fibers
could give local constraint in the vicinity of the crack tip, lowering the total
strain to failure observed. Third, the filbers can act as rigid filler, whicn
could reduce the plastic zone size in resins which have a neat resin plastic
zone size which (s greater than the size of the resin rich region between plies
in the composite.

Chakachery and Bradlcys and Jordan and Bradley6 have observed qualitatively
the above meantioned reduction in plastic zone size, comparing crack growth in a
ductile resin to delamination in a4 graphite/epoxy compodite made from the same
resin, Chakachery and BrddleyS attempted to quantify with a simple phenomeno-
logical model the reduction in fracture toughness in going from a tough resin to

delamination in a composite made from this resin. They were unsuccessfully in

tully daccounting for the observed rtreduction in fracture toughness, most likely
because their model implicitly assumed that the local strain field in each case
was similar, with the difference in toughness resulting_primarily from the
presence ot rigid fiiler; namely, carbon fibers. Obviously, a more realistic

model would need to take into account the difference in the strain field around




the crack tip tor neat resin compared to delamination of a4 composite made ut
this resin.

The purpose of this study huas been to develop a technique which would
permit the direct measurement of the strain field around a crack tip with
sufficient resolution to see how distinctive the fields are for cracks in neat
resin versus delamination cracks 10 composites made from the sdame resin. The
approach used has been to burn a very tine dot map onto the polished surtace
(perpendicular to the plane of the crack) of a specimen using the electron bheam
in a scanning elecitron microscope. The exact covordinates for each of these
points are determined before and after loading the specimen, allowing the deter-
mindation of the displacement of each point. This displacement field may then be

differentiated to give the strain field around the crack tip,

EXPERIMENTAL PROCEDURE

with coasiderdable trial and error, a4 technigque has been developed to burn a
very systematic dot pattern onto the polished surface of the specimens. The
beam of the electron microscope hdd to be edjusted to give a dots that were
sufficiently large to remain easily recognizable after considerable deformation
but small enough to ygive adequate resolution. The very regular dot pattern sven
1in Fig. 1A was burned onto the surtface using a JEOL-35 scduning electron micros-
cope with the assistance of an image processing system manufacturered by Kon-

tron, The spacing seen in Figure 1A is approximactely 10 microns. A finer dot

spacingis possible, but not very useful unless the size ot the dots can also be
reduced, while retaining their visibility after large deformation.

The resin system selected for use in this study was Hexcel F185. This
resin was selected because it is known to be relatively ductile ({0O% e¢longation
tn g teasile test), and therefore Wwould be expected to give significant scrain
{n the vicinity of the crack tip prior to failure. Furthermore, this system has
4 large reduction in toughness in ,oing from the neat resin to delamination of
the composite (m)()()J/m2 to 2()00J/m2)5. Thus, {t was considered 1deal tor this
study.

Hexcel Fl185 resin was cast into rectangular olates. It was then machined
into compact tenslion specimens which were subsequently fatigue precracked. Then
the specimens were polished on a3 microprocesser to a 0,03 micron finish.
Finally, the dot map was burned on the surface using the electron beam in the

SEM, as shown in Figure 1A, The crack tip 18 seen at the bottom of Figure 1A,




just below the dot map. After loading which resulted in a small amount of crack
growth which moved the crack tip just into the dot map, the deformation field is
clearly seen through the distortion of the dot map (see Figure 1B). The dis-
placement tield and the associated strain field were determined using the imaye
processing svstem in conjunction with a computer program written to numerically

ditferential the displacement field data.

RESULTS AND DISCUSSION

The reduced results are presented in Figures 2-4. The normal strains as
well as the principal shear strain are seen as a function of their respective x-
v ¢oordinate locations around the crack tip, which has a coordinate ot x=59.14,
v=57.48. The compact tension specimen was loaded {n the x=-direction with crack

growth {in the y-direction.

It should be vamphasized that the three dimensional plotting routine uscd 7.
present the results graphically does local smoothing prior to plotting. The
polynominal curve fit for the smoothing operation interpolates as well, givinyg 4
much ftiner ygrid 1n the graphical results than was actually utilized (contrast
actual grid size, Figure 1A, to grid size seen in the three dimensional plotting
(Figures 2-4).

e elaustic strain at yielding in F185 as measured in o tensile test 13
about 1.2%. Thus, the region of nonlinear deformation around the crack tip is
sven to be Juite extensive. If it is remembered that carbon fibers tvpical have
diameters of about 7 microns, then the nonlinear deformation zone would extend
to at least tive fiber diameters above and below the plane of delamination if
the composite has a similar strain field around the tip of a growing delamina-
tion crack to that observed in Figs. 2-4 for the F185 neat resin. Qualitative
indications of a4 deformation zone of this size in a delaminating ToT1l4», F185
compusite, but without direct medasurement of the straii field, have been noced
by Bradley and Cohen’.

A second importuant observation 1{s the magnitude of the local strain at the
crack tip. The ¢clongation measured in a tensile test is 10%, with no apparent
necking. Thus, one might have assumed for micromechanics modelling that the
local strain to failure would be 10%, or possibly less due te the effects of
constraint. However, it is clear that the tens{le elongation greatly under-
estimates the true local strain to falflure at the tip of a growinyg crack in

FI%85, The medasured value of 48% should be considered a lower bound sfnce it is



measuredover a 10 micron gage at the crack tip in 3 very steep strain gradient
and would increase to an even higher value as crack advance gave ductile frac-
ture to this material. The critical value for local strain to failure for
delamination crack growth 1is probably somewhat lower than the value for crack
Jrowth in the neat resin for reasons previously discussed.

Une concern that should be mencioned is the question of whether the surtace
strain measurements dare in any way representative of the bulk strain disctrihu-
tion. In materials where cavitation or microcracking does not occur, one would
expect 4 significant difference between the strain distribution for the plane-
Stress stdate of stress that exists at the surface and the strain distributiosn
that would exist for the plane-strain state of stress in the bulk. However,
F135 with ruboer particle toughening does cavitate, relaxing the through thick-
Ness SLress. Thus, for this system we belteve the surface strain disctribution
15 representative of the bulk strain distribution.

Compdarable results for crack growth in a delaminating composite were not
3viilable 4t the rClme of the prepardtion of this manuscript but should be
available 1or the presentation at the meeting
SUMMARY

A technljue for the Jdirect measurement of the strain tield adround a growing
crack has been developed. Results on FIBS resin indicate a large non-linear
detormation zone around the crack tip and a4 surprisingly large local, crack tip
straln to tailare,
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CORRESPONDENCE BETWEEN STRESS FIELDS AND DAMAGE ZONES AHEAD OF
CRACK TIP OF COMPOSITES UNDER MODE 1 AND MODE Il DELAMINATION

larlos Corletc, wal
Denartment of Mechar.ca.l
Texas A&M
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ABSTRACT

The Stress fielc ahead of the crack tip of a split laminate specimen

.cacec uncer moce [ and Moce Il delamination nas been determined by means
of a firnite element aralysis. The results have then been compared to the
observed cdamage zore ceveloped aheacd of the crack tip for the same loading
conc:it:ons., A direct corresponcdence has been found between the stress
f.elds, cdamage 2cnes observed, ané resistance to delamination of
composites for this modes of de.aminatiorn fracture.

INTRODUCTION

Fiber-reinforced composite materials usually offer poor resistance to
delamination. As a result, a complete understanding of the delamination
process (s neeced to properly design composite structures and develop
mater.als with improved fracture <toughness characteristics. An important
area of investigation is the determination of the stress fie.d ahead of
the crack tip for the various modes of delamination fracture (i.e. mode I,
moce II, and moce 1I1), by means of finite element analyses. Furthermore,
these stress fielcs can be related to the corresponding aobserved damage
zones that develop ahe:d of the growing crack as determined from in-s:tu
observations :in the ccanning electror m:croccope. This combination of

ana.yses with cirect c:servation of delam:nat:>n has been very useful in
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Im Tnls investigatior, tne sStress el 2nmeal Ilotne Qrack tip oloa
spllit lam:inazte spec.men loacec uncder mcle ! ani moce [l Zdelaminat..n
cenditions has beern ceterminec by means of & finite e.emert analys:s. e

reS..TS were then compared to the observed damage zone deve_opeg aneac of

tne crack tiz for the same lcading congcitions.

MATERIALS AND METHODS

The determiration of the stress field aneac of the crack tip of the
split laminate specimen loadec uncer mocde ! anc moce ! was accomplishec
oy First gererating a2 two Cdimensional mesh '52.4 mm long anc 2.54 mm thick
cons.sting of 76" nocdes and 254 elements as shown 1in Figure la. Triangular
six-noded elements were usecd around the crack tip with mid-side nodes
displaced to the gquarter point ‘1!, and a substantial refinement of the
mesh around the crack tip was made to overcome the difficulty imposed by
the stress singularity present at the crack tip. This has been a linear
analysis made with a finite element algorithm ceveloped by Henriksen [2].
The algorithm 1is based on a nonlinear code updated with Lagrangian
formulation using six and/or eight noded isoparametric elements with two
degrees of freedom per noce. Elastic constants for a unidirectional
laminate of AS4/3502 graphite/epoxy composite to be used in the analysis
were obtained from Hercules 37,

Mocde I loading was simulated by applying a symmetric load at the
cracked enc of the mesh as shown in Figure 1b. Mode Il loading was
introducecd by asymmetrically loading the cracked end (see Figure lc). The
loac level applied corresponds to approximately the load at onset of crack
growth for these two modes of failure, as determined from experimental
measurements in combination with beam linear beam theory (4]. Stress
contour plots wWere obtained from the output data and the stress
distribution was plotted as a function of distance ahead of the crack tip.

Two sizes of split laminate specimens were wused for direct
observation of delamination in the scanning electron microscope, one 38.1
mr long, 5.08 mm wide and '.'4 mm thick, and the other 30.48 mm long, 5.08
m~  wid>, and '.'W mm thi~x. Hercules un:directional AS4/3501-6
graphite/epoxy composite material was used for mode I and mode 1!

cbservat:.ons of the damage zones. respectively. The real time observations
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of celamination were made in a JEOL-35 scann.ng electron microscope. Mode
. delamination was achlieved %, pushing a wedge into the precracked portion
of the longer split laminate specimens, using the tensile stage of the
scanning electron microscope. The wedge was sufficiently blunt to ensure
that it remained well away from the crack tip, giving esentially pure mode
I loacding. Mode Il cdelamination was achieved by means of a specially
designecd three point bend fixture installed to the tensile stage of the
scanning electron microscope. All surfaces observed were coated with a 150
A thick gold/pallacdium film to minimize charging effects associated with
the nonconcuctive nature of <he epoxy matrix of the composite. The

experimental resu.ts were recordecd on standarc tri-x film.

RESULTS AND DISCUSSION

Figures 2 anc 3 show the finite elemer: results for both mode I anc
moce !! loac:ing. Figure 2a s a Syy {norma.) stress contour plot from the
vicinity of the crack tip for moce I loading. The normal stress Syy which
for this loading ancd geometry !s the principal normal stress Sy, rapidly
cdecreases ahead of the crack tip. Figure 2b corresponds to the Sxy (shear)
stress contour plot for a mcce II concition. Note how the shear stress
drops off much more slowly with distance ahead of the crack tip than does
the norma. stress fcr moce ! loading {(Figure 2a). Furthermore, the shape
of the stress field is more narrow anc¢ elongated. For this loading
condition, Sxy = maximum shear stress = S$.. Figure 3 shows the stress
distribution as a function of distarce ahead of the crack tip for mode I
and mode II. In the case of the normal! stress for mode I, the stress drops
of f rapicdly until it is compressive at a distance of 0.76 mm zhead of the
crack tip. Finally, it gradually approaches a zero stress level at
approximately 8 mm from the crack tip which is maintained all the way to
the end of the beam. It should be notec that the compressive stresses
observed are not expected to significantly influence the fracture mode at
the crack tip because it develops far enough away from the crack tip. In
the case of the shear stress distributior ahead of the crack tip for mode
'], it monotonically decreases to a constant value. As it can be seen, the
shear stress ahead of the crack tip for mode Il loading decays much slower
than the norma. stress for mode ! load:ng. These results indicate that the
stress concetration &t the crack tip is distr:butecd over a larger distance

for mode Il loadiny than for mode ! loa-ing. For mode II, the extent
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Figure 2. Stress contour plots.

of the stressed material above and below the center plane being much
smaller than for mocde 1, as seen in the stress contour plots in Figure 2.
Figure 4 corresponds to the observed damage 2ones developed ahead of
the crack tip for both mode ! and mode !l delamination of AS4/3501-6. The
mode | damage zone is characterized by extensive microcracking of the
resin extending at least 90 microns ahead of the macroscopic crack tip and
approximately 7.5 microns above and below the primary plane of crack
advance. In the case of mode II, the damage zone extends much further
ahead of the crack tip (at least 180 microns) than the mode ! damage zone,
anc¢ is approximately 5 microns in extent above and below the primary crack

plane.
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Figure 3, Stress cdistritution ahead of crack tip for moce ! and mode I1.

A carefull! comparison of the stress flelds of Figures 2,3 and the
damage zones shown in Figures 4 for mecde ! and mode !I delamination,
reveals a direct corresponcence between them. The more gradual decrease in
the magnitucde of the shear stress with distance from the crack tip for
mode II (Figure 3), along with the elongated shape of the shear stress
contour plot seen in Figure 2b indicates that the stress concentration at
the crack tip is distributed over a larger range, causing the size of the
damage zone ahead of the crack tip to be elongated (Figure Ub). In
contrast, the rapid decay of the magnitude of the normal stress for mode I
with distance from the crack tip (Figure 3) and the more circular shape of
the normal stress contour plot of Figure 2a indicate that the stress
concentration at the crack tip is much more localized, causing the extent
of the damage 2one ahead of the crack tip to be smaller than for mode Il
delamination. Furthermore, the extent of the stressed material above and
below the plane of delamination is seen in the stress contour plots to be
much smaller for mode !I thar for mode 1. Thus, the damage zone (Figured)
changes from wide to narrow as one goes from mode I to mode I1. These
findings indicate that the greater resistance to delamination for mode II
loading (GIIC = 570 J/mz)
AS4/2502, a similar material as AS4/3501-6, may be explained in part as

than for mode ] loading (GIc = 190 J/m2) in

resulting from the cdifferen: decay rate of the stress field and the




(a) Mode 1 damage 2o0n€ developed anead of crack tip.
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Figure 5. Von-Mises stress for mode I and mode II loading.
obviously from the edge of the specimen where a plane stress condition

occurs. Therefore, in order to have a first order approx:mation as to the

effect tie difference in the state of stress at the surface of the
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specimen where our direct observations are made, and at the center were
plane strain conditions prevail, the Von-Mises stress for mode ! and mode
I1 was plotted as function of distance ahead of the crack tip. The results
in Figure 4a indicate that for mocde I, the difference in the Von-mises
stress {(or root mean square shear stress) in plane stress versus plane
strain is approximately 10% . In the case of mode II, the difference is
negligible as evidenced in Figure 4b. Therefore, it appears that for these
orthotropic materials, the difference between plane stress and plane
strain is not too significant and our surface observations of damage zone
size and detail should not be very different than subsurface behavior.
Previous studies in which the post mortem appearance of the fracture
surface near a free edge to that at the center of a specimen are
consistent with this interpretation 6!, A final observation from Figure 4
is that the stress field ahead of a crack tip decays much more slowly for
and orthotropic material with the crack parallel to the fibers than for an

isotropic material.

CONCLUSION

In summary, it nas beern founc tnat the different size and shape of
the damage zone observed when comparing mode I to mode !l delamination is
consistent with the difference in the size and shape of the stress fiela
predictecd by the finite element analysis. Furthermore, these differences
are also consistent with the difference in resistance to delamination of
brittle graphites/epoxy composites for the two types of delamination
studied. Also, there appears to be a very small difference between plane
stress and plane strain states of stress for orthotropic materials.
Therefore, the damage zones observed during in-situ delamination in the
scanning electron microscope should not vary significantly from the actual
damage zone that develops at the center of the specimens (plane strain

damage zone).
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ABSTRACT: Multi-specimen J integral tests which are defined in
the Standard Test for J,., A Measure of Fracture Toughness (ASTM
E 813-81) have been conducted on side-grooved compact tension
specimens of medium and high density polyethylene. Specimens were
precracked with a razor blade, as has Dbeen common practice to
date, or were fatigue pre-cracked. Tests were performed over a
50X range of crosshead rates in the quasi-static regime. Results
indicated that the razor notching gives a J-R curve which is
significantly higher than that obtained using fatigue precracked
specimens. A significant variation in the J-R curve was noted for
changes in the displacement rate due to the viscoelastic
character of the polyethylene. The orientation of the specimens,
which were cut from actual pipe, was found to have a significant
effect on the fracture toughness. The fracture toughness results
were correlated with fractographic results and the behavior of
side-grooved vs. non-side-grooved specimens was compared.

KEY WORDS: Polyethylene, Fracture (materials), Compact Tension

Test, Fatigue (materials)
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INTRODUCTION

Thermoplastics are seeing increased use as structural
materials. With this increased structural use a need has arisen
for a method of determining useful fracture mechanics parameters
for failure prediction. Thermoplastics such as polyethylene (PE)
which have a high degree o©of ductility and exhibit strong
viscoelastic behavior present a problem for 1linear elastic
fracture mechanics (LEFM) testing procedures. Previous
investigators [1,2] have used the concepts of LEFM with tough PE
in an effort to determine a valid plane strain fracture toughness
(Kio)- They encountered difficulty in doing so at temperatures
near normal operating cenditlions for PE piping. However, it has
been shown [3] that an elastic-plastic J integral approach as
defined in the Standard Test for J,.,, A Measure of Fracture
Toughness (ASTM E 813-8l1) will vyield plane strain toughness
values for tough PE which meet the requirements of the standard
for wvalid J wvalues when tested in the normal operating
temperature regime.

The questicn then arises as to the validity of a non linear
elastic analysis such as the J integral when applied to a
viscoelastic material. There is no currently approved standard
for determining the fracture toughness of visccelastic materials.
However, R.A. Schapery '3, has shown that tre J integral may be
applied to fracture in viscoelastic media. Schapery assumes 1in
his analysis that the work of fracture in the process zone is
independent of the crack growth rate and that the significant

viscoelastic effect (rate dependence) 1is through the time




dependent behavior in the stress field which surrounds <the
process zone.

A number of questions remain unresolved in the application
of fracture mechanics testing of tough thermoplastics such as PE.
This study examined =the effects ©f several exper.mental
parameters on the apparen: J.c tougnness 0f PE tested at rocm
temperature. Test rate, precrac< acu.ty, ané specimen thickness
were examined. Previous lnvestigatlrs .1-3! nave employed
primarily a =zhree pcint zend ccnfilguration Ln thelr tests., In
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ASTM E B813-8. was .se< Izr a.. =2s5+%s, Due <o the highly drawn

nature of pipe mater.a.s, a c:irecz:.ona. depencdence in zzsughness

of pipe usually ntroduces resicdual stresses which may :nfllence
the effect.ve toughnress of pipe in service. Previous
investigaters have worked primarily from sheet stock @ cr
flattered, annealed pipe in preparing specimens. Since actual

field

'

erfcrmance s 2f interest with pipe materials, opotn

annealed and unannea.ed specimens were tested :n this study.

PROCEDURE

Equipment-Fracture =-esting was perfzrmed con a  servo-
hydraulic closed .ccp test stand with lcad-l:ne d.isplacement
measured by a l:inearly vary:ng differential =ransformer mounted
on the specimen hcld:ing pins. Data agu:isiz:Zn and reduct:.:cn were

accomplished with a micro-compuzer connec:ed ©C an anaicg to

*




digital signal processer. Specimens were observed during testing
through an optical stereo microscope and post mortem fractography
was performed in a scanning electron microscope (SEM).

Specimen Preparation-2.54 cm CT specimens with uncracked

N

ligament lengths, b, of 1.5 cm were prepared from a high density

pipe grade polyethylene PE 2306 described in the Standard
Specificaticn for Thermoplast.c Gas Pressure Pipe, Tubing, and

Fittings (ASTM I 2513-75b}). Ncn-annealed specimens were produced
in twe thicknesses, 0.635 cm and 0.556 cm, which were reduced 20
percent 2y side-grocving =2 J.508 cm and 0.445 cm respectively.
Annealed specimens were cut IIIm stzck wnhich had been heated to

130 °C, £flarttened, an¢ <cnen annea’.ed for two hours at that

temperature. Specimenrs cui Irzm this stock were 0.572 c¢cm thick
af-er being reduced 20 percent oy side-grcocoving. Two add.tional

specimens were cut T a thic<ness 2f 9.508 c¢m. One was reduced in
mn.cxress 20 percent wi.tnh silegrocves. Witn the exception of one
set, spec.mens w~ere CcuT w.-n  tne starting notch in  the
.cngitudirnal pipe directicn; thus, they are termed transverse
spec.mens .n the standard ASTM romenclature. The remalining set of
specimens was cCcut 0 %test ¢transverse pipe properties and are
rermed longltudinal spec:imens In the ASTM nomenclature. The angle
of the sidegrooves was +5 degrees and where fatigue precracking
was used specimens were Drecracked before side grooves were
machined. Razor notcrned specimens were side grooved before

notching.

A



Fatigue-Specimens were fatigue precracked in accordance with
the procedure outlined in ASTM E 813-81 with the exceptions noted
helow. It was found that farigue at 40 percent of the limit locad
specified by the standard produced no noticeable sharpening of
the crack tip and no crack advance. Therefore the requirement
that the final stage of crack growth be at this level was
ignored. Specimens were fatigued at a rate cof rten Hz and a load
of 70 percent of P, fcr 30 000 cycles to prbduce the precrack.
Sidegrooves were cut after precracking because it was found that
~re fatigue cracxk frcnt tended +o run ahead at the surface cf the

specimen when -hey were machined prior to fatiguin

({2

Razor Norching-Razsr notches were made u2sing the test stand

and spec:ially desigred fixtures. A new razcr blade was used for
each specimen %0 cbta.n tne sharpest possible crack tip.

Tests~Tests were run at an ambient laboratory temperature of

(81

2. °C. The s=-ardard crosshead rate for tests was 0.025%4 cmymin.,

5
Y]
1
o

One set 0f -ests was rurn .00254 and anozher at 0.127 cm/min

to examine rate effects. Immediartely af<er loadlng, specimens

1 ©oa

were immersed 1in liquid nitrogen and cthenrn broken in the test
stand. The liguid nitrogen fracture produced clear boundaries
between the actual crack growth, the Dugdale type process zone,
and the undamaged material. Approximate measurements of the crack
advance were made durli.ug the tests using an cptical microscope to
permit a good distributicn of crack lengths which would result in
a more reliable J-R curve. final crack length measurements were

made from micrographs <taken :n tne SEM., To permit viewing in the

SEM, one half of each spec:imen was sputter ccated with 150A of a




gold-palladium alloy. The crack advance visible on the resulting
micrographs was measured at eleven points evenly spaced across
the specimen width. The mean of the nine inner points and the
average advance at the two surfaces was taken as the crack
advance. The micro-computer used to record load displacement data
was also used to calculate the areas under the load displacement
curves. J,. was found from the resistance curve plotted according

to the procedure in ASTM E 813-81.

RESULT

J Integral Testing-Resistance curves like the one shown in

Figure 1 were generated for each test. The results are summarized
in Table 1. The non-sidegrooved thin specimen (0.508 cm) showed a
high degree of crack ~ip tunneling which made it unusable in the
J determination. Hcwever, the identical specimer sidegrooved 20
percent to a thickness of 0.4064 cm vyielded a straight crack
front. The sidegrooved thin cpecimen yielded a J vilue that fell
just below the J-R curve £for +the thicker specimens used in the
;

remainder of zhe tes

(a3

s.
ASTM E813-81 establishes minimum dimensicns £for specimens
which are necessary in testing of metals, fcr the J analysis to

be valid. The requirements are:

a. b,B > 25 J;C/Sy
b. d5 < S
32 Y

These have been calculated for each of zthe rtests and are listed
in Table 1. Though -he yield strength of PE can vary greatly w:ith

strain rate, all tests easily satisfied the second reguirement.




However, according to the standard, the unannealed razor nctched
CT specimens were slightly smaller than the specified minimum.
This was also the case in the high crosshead rate test using
annealed material. These values are reported for comparison since
the standard does not strictly apply to this material. Tests
satisfying these requirements were not possible since thicker
stock was not available.

Fatigue precracking resulted in a drop in Jy. of 33 percent
when compared to razor notched specimens in both annealed and
unannealed samples. Annrealing decreased the measured Jic by 47
percent in both £fatigue precracked and razor notched tests.The

longitudinal specimens yielded a which was 11 percent greater

I
lc
than that determined for the t“ransverse specimen tests.

Blunting Line-In severa. o©f <he multi-specimen tests, one

test was terminated before the onset of crack advance across the
entire crack front. The resulting points should have fallen on
the blunting line. As can be seen in Figure 2, the high rate test
required a steeper blunting line. When a yield stress measured at
a strain rate which corresponded to the rate of the fracture test
was used, the appropriate blunting line resulted.

Fractography-Comparison of the surfaces of the low rate and

medium rate fracture <tests shows a marked similarity in
morphology but a significant difference in the scale of features.
(Figures 3 and 4). The difference in size of fibrils and voidé
corresponds to the trend identified by Chan and Williams [5] and
Lee and Epstein [6.. The lower rate has smailer voids and shorter

fibrils. The average diameters of the voids were measured from



SEM micrographs by Lowry [7] and are listed in Table 2.

Of special interest was the observation that the Dugdale
type process zone varied in length with test rate. The average
lengths of process zones in three annealed razor notched specimen
tests are listed in Table 2. This variation was not what one
would expect if the yield stress rate sensitivity was primarily
responsible for increases in tcughness while the work done in the
process zone remained constant with changing rate. In fact, since
the yield strength increases with strain rate, the process zone
should have gotten smaller as strain rate increased. This would
have been due to the increased constraint induced by the higher
yield strength of <the surrounding material. This 1is clearly
1llustrated by the Dugdale equation

r/a = sec(ﬁo/ZSy) - 1
Since Sy is increasing in the surrounding material with the
increasing rate, r should be decreasing. Pcst mortem examination
indicated that this is not the case in this material.

DISCUSSION

Crack advance was observed to follow the process described
by S.K. Bhattacharya [8]. A Dugdale type region formed ahead of
the crack tip. Within this process zone voiding begins. These
voids grow and coalesce creating a fibrillated structure. Further
crack tip opening causes fibril failure and the crack advances.

Annealing-The 47 percent drop in Jyo which occured with
annealing is extremely significant. This may be due to an
accelerated physical aging caused by the anrealing process. It is

also possible that annealing relieved residual stresses which




inhibit crack advance in the unannealed material. J.G. Williams
{9] ha; measured significant residual stresses in extrudea vipe.
In fact, the annealed specimens yielded a symmetric crack front
while unannealed material exhibited wuneven <c¢rack advance
suggestive of the presence of residual stresses. These residual
stresses could have been responsible for the higher resistance to
crack growth in the original pipe material. It is also possible
that annealing meodified the «crystalline structure of the
material. Density measurements indicated a change in
crystallinity of less than one percent. However, spherulite size
may have been changed by the heat treatment, thus altering the
toughness. The annealing technique is commonly used when working
with pipe material but <these results indicate that material so
treated may not reflect true pipe behavior.

Rate-The effect of rate on the magnitude of J;, was much
greater than expected. The 300 percent increase in magnitude of
Jic Observed with the increase in test rate from the intermediate
rate to the high rate was surprising. From linear viscoelasticity
it can be shown that crack growth rate is related to stress
intensity by:

4 = g2(i+l/nm)
1f fracture energy is not a function of rate. For PE n can be
taken to be approximately 0.2 and the equation becomes:

Kyo = 2ls12
By using the relationship between K and J for linear elastic
materials we can say that some equivalent "ch" is thus

proportional to 4176, rThus a fifty fold increase in test rate




(crack growth rate) will yield a 90 percent increase in Jie:
Clearly this 1is not adequate to account for the 1increase in
measured J with the increasing test rate. Thus Schapery's (4]
assumption that the fracture energy 1is independent of ' crack
growth rate does not hold in this system. Stated another way, the
far field viscoelastic effects are not sufficient to account for
the 300 percent increase in measured Jie- Some two thirds of the
increase remain unaccounted for.

The changes in measured J,. which correspond to changes 1in
the length and surface morphology of the process zone suggest
that the fracture process, and therefcre the energy dissipated in
the process zone, is, in fact, rate dependent. The J integral can
be related to other matzerial and fracture parameters. If we take

the standard relationship between J and CTOD:
and assume that m is rate independent then ” can be increased by

increasing the yield stress, S or the CTOD.

y

As has already been stated, yield stress increases with
increasing strain rate. The strain rate dependence of the stress-
strain behavior of PE is demonstrated in Figure 5. The increase
in yield strength and rate of strain hardening as the strain rate
is increased are clearly apparent. However the increase in yield
stress over the range of strain rates used iT these tests is less
than 25 percent. This is not nearly enough to account for the 200
percent increase in J which remains after far field

viscoelasticity is taken into account.

From the above equation it is clear that an increase in CTOD



can account for the increase in J. The voids in the process zone
are ellipsoids, elongated in the direction of the load applied to
the specimen. However, if it 1s conservatively assumed that the
voids in the process zone are spherical, then the diameter of the
voids on the fracture surface can be used as a lower bound for
the CTOD. Comparison of the average diameters of the voids
produced by the wvarious <test rates 1indicates a 900 percent
increase in void size c¢ver the range of rates tested. This 1is

much more than necessary =

(@]

explain the increase in J but 1is
evidence that the majority of the increase in the measured J with
increasing strain rate comes from an increasing CTOD.

The increase in CT0D has two possible complementary
explanations. The <f.rst arises £rom +the thermally activated
nature of cthe fracture process. A high rate of crack growth
necessitates the breaking of more bonds andéd void formation from
fewer sites than a lower rate which allows time for thermally
activated disentanglement of polymer chains. Thus high rates
produce larger and fewer voids and fibrils with a correspondingly
larger CTOD which results when the larger masses of material are
drawn to failure. The second possible explanation for the
increase in CTOD is the possibility that any decrease in final
elongation of the <£ibriis due to cthe nigher rate may be
overwhelmed by an increase in the amount ¢f material drawn into
the process zone. The higher yield strength of the process zone
material under faster load rates could cause additional low
strength material to be drawn in from the surrounding reg:on.

This process is illustrated in Figure 6. Material in the fibrils




has been highly elongated and its strength would correspond to
point B in Figure 5. The material on the edge of the process zone
is less severely deformed and would perhaps correspond to the
material condition at A in Figure 5. At the higher strain rates
the difference in strengths 1s much more pronounced, as can be
seen in Pigure 5, so more material will be drawn into the fibril.

Precracking-The 33 percent drop in toughness between razor
notched and fatigue ©precracked specimens can probably be
explained in terms of the process zone. Fatigue precracking
introduces a process zonre ahead of the actual crack tip. Razor
notching does not do so and thus razor notched specimens require
additional work input ¢o cause voiding and fibrillation prior to
crack advance.

The suitabilitcy o©f razor notching vs. £fatigue precracking
for these materials can be determined only on the basis of the
actual nature of expect-ec service damage. The observed decrease
in process zone length with cecreasing rate would suggest that in
the case of long term stat:c field failures a small process zone
is to be expected. Thus razor notching which produces virtually
no Dugdale type zone would be most appropriate. However, if the
service load will be in fatigue or a mixture of fatigue and
static loading, then fatigue precracking is appropriate.

Thickness- The results of the thickness compariscons would
seem to indicate that very thin specimens can still yield valid
J's 1f they are sidegrooved. The amount of tunneling observed on
non-sidegrooved CT specimens indicates that sidegrooving 1is

essential for J integral testing of PE when
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specimen thickness is approximately 0.5 cm,

Orientation-The 20 percent increase 1in Jie which was
observed when specimen orientation was changed from the
longitudinal to the transverse pipe direction clearly
demonstrated the existence of residual alignment effects. Since
extrusion will tend to align polymer chains parallel to the axis
of the pipe, crack growth perpendicular to this axis should
encounter greater resistance. This was the case.

Blunting Line-The pre-initiation blunting point measured for

)

the high rate test clearly indicates that some account must be
taken of the strain rate dependence of the yield stress of the
material when the blunting line i1s calculated. If the appropriate
yield stress 1s used the blunting lire will more accurately

reflect the actual behavicr 0f the specimen,




Conclusions

Annealing of pipe materials prior to testing caused a 47
percent decrease in the measured fracture toughness.

Fatique precracking yields a lower J toughness than does

lc
razor notching. This drop is prcbably due to the presence of a
preformed process zone in the fatigued specimen.

Specimen orientation in unannealed material influences the

measured Longitudinal specimens vyield a higher apparent

Jic-
toughness than do transverse specimens.

Fractography indicates cha: CTOD increases with 1increasing
rate. This increase s reflected in an increase 1in the measured
Jic-
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TABLE I

SUMMARY OF Jlc TEST RESULTS

Jlc dJ/da 25(J1c) /Sy
KN/m kN/m? cm
Fatigue Precrack
unannealed 3.08 74 0.41
annealed 1.65 35 0.216
Razor Notched '
unannealed 4.67 143 0.61
annealed 2.43 35 0.33
annealed high rate 6.35 33 0.84
annealed low rate 1.94 2 0.25
longitudinal 5.25 0.69
TABLE II

PROCESS ZONE LENGTHS

RATE PROCESS ZONE LENGTH VOI1D DIAMETER
low (0.00254 cm/min) 0.266 mm 13 um
medium (0.0254) 0.54 mm 19 um

high (0.127)

=

.23 mm 131 wm

T T Y e ———————
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ABSTRACT:

The mode Il delamination fracture toughness of a ductile and a brittle
unidirectional! graphite/epoxy composite has been studied using the end-notched
flexure (ENF) test and the end-loaded split laminate (ELS) test. The stress
field in the vicinity of the crack tip of a split laminate beam under mode II
(ELS test) and mode I corditions has been determined by means of a finite
element analysis. Also, the micromechanics of mode I fracture have been
studied during in-situ and post-mortem observations of the fracture process.
Both the ENF and ELS test give similar values for GIIc’ However, since elastic
material behavior is assumed in the analysis, the GIIC results for a ductile
composite are somewhat uncertain beCause a small permanent deformation was
observed. The ELS test has been found %o provide a pure shear stress state in
the vicinity of the crack tip. The formation of hackles provides a more
tortucus path for the crack 'eading to an increased resistance to delamination
under mode Il conditions compared to mode I for brittle composites. However,
extensive resin deformation ard yie'ding play a more significant role in the

fracture resistance of tough epoxy composites for mode II loading.



INTRODBUCTION

One of the most important factors hingering the use of fiber reinforced
composite materials in structural applications is their inherently pcor damage
tolerance for de'amination. The resistance of composites to celamination can
be we'l characterizec by tne de'amination fracture toughness, measured as
energy dissipated per unit area of crack growth. Where behavior is essentially
‘inearly e'astic, <tre fracture tcughness can be measured as an energy release
rate, G, of the material. Delaminaticn in compcsites can occur due tc tensile
stresses (moce [), in-plare shear stresses (mocde I[I), and tearing stresses
{(mode III). As a result, a complete uncerstanding of these delamination
processes 1S neecea to properly design composite structures and develop
materials with improved fracture toughness characteristics. Several areas must
then be accressec i~ order o throucr'y uncderstand delamination. First, a
Cri;ical assessment of current methods usec to measure resistance to
delamination of compesites s needed %0 ver®fy the validity of the analysis
for the varicus test configurations. Furthermere, the geometry indepencence of
the measured energy re’ease rates must be estadblished by comparing measured
values for cifferent test gecmetries. Finite e’ement analyses may be used to
determine the state of stress at the crack tip where beam theory does not give
details about the stress field. Seconc, a study of the physical mechanisms
involved during the fracture process must be undertaxen by means of in-situ
and post-mortem fracture observatiors. Investigations of this nature should
help in the understanding of the relationsnip between the macroscopic
resistance to crack propagation and the micromechanics of fracture.

Recent investigations indicate that increasing wode II loading,
particularly for  rittle systems, results in a significantly greater
resistance to crack propagation as measured by the total energy release rate
required to propagate the crack [1]. This indicates the need to throughly

understand mode [I delamination in order to properly characterize this mode of

I A
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failure.

Several test configuraticrs hrave been proposed for measuring ‘re
resistance to delamination under mocde !I loading including the end-notched
flexure (ENF) test and the end-ioaded split laminate (ELS) test. The enc-
notched flexure test configuraticn car be seen in Figure la. This tes:
consists of a three point hend loading configuration by which a split laminate
beam specimen is de’aminated. The (ELS) test configuration snown in Figure 15
also uses a split Taminate bheam specimen loaded at the cracked end and fixac
at the opposite end. Both the ENF and ELS test methods evaluate GIIc freom
equations derived using T near heam theory ancd assume lirear elastic materia’
behavior [2,3!. A current review of the literature ‘ndizates trat Hcin tes:

1

4
“ .

Lo

corfigurations are currently being used to measure G... [2,

v

[}

(]

m

During a recent finite elerent aralys’s 57, the ENF test was founc to be
a pure mode I fracture test within the censtra’nts of smail deflection
thecry. The study also revealed that the frterlaminar normal stress is
identically zerc along the beam center lire and the inter’aminar shear stress
exhibits the expected singu'arity. No ana'ysis of this nature has yet been
done on the ELS test configuratior,

As pointed out earlier, uncer increasing moge I! loading, particularly
for more brittle systems, a significantly greater resistance to crack
propagation has been observed. Post-mertem observation studies in the scanning
electron microscopy indicate that this increase in fracture toughness is the
result of the development of hack'es in the fractured surfaces [1]. Therefore,
the hackle formation preccess as wel' as damage zone processes ahead of the
crack tip need further study by means of additiona’l in-situ and post-mortem
delamination observaticns.

The objectives of this investigation have been (1) to measure the mode II
delamination fracture toughnress of a ductile and a brittle graphite/epoxy

composite using the (ENF) test and the (ELS) test and compare the results, (2)
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to determine tre siress fig'd in the vicinity ot the crack t'p of tre {L.S]
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specimen uncder moce !l and mcce I Toading conditions by mears of 3 Fincs
element analysis, anc (3) to study the micromechanics of fracture us‘ng rea -
time and post-mortem cbservaticns of the fracture process and corre’ate tnem
to the macrosconica’’y chrtaired enercy re’ease rates for a brittle arg zuctie
compestite.

ANALYSIS

Eng-Notche Tlswure (ENT

ne IN® test Corsists of Tgactrmc oa sttt 'aminate beam specimen using a
three point teng fixture. Figure 1a sngws the INF test configuration and

asscciatec test rcarareters, fa'culation of the stra‘n energy release rate G-

assuming linmear beam trecry anc Cirear e'astic materfal benavior gives the

. s Le
e Dy

owing result

I N L ,
Oy 3 3 (*)
e 2 h {217+ 3a7)

where a s the initig' cracx iength, b s the wicdth, C is the measured
compiiarce, L s ha’'f-span length, and P ‘s tne applied load at the center
pin. The strain energy re’ease Gy can alsc be obtained by means of an
experimental method €or cetermining the relationship between compliance and

crack length. In this case, G-y is given by [6]

3 Pz m az bo
Gy = 7 (2)
2 b .
where m s ghtained “rom
_ 3
C =ma~ + const. (3)

This expression is the result of a least squares fit of experimental data from
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data 'S JIZtatneg trom Zag-ger gCrior lorves @t Ioctferent Iracdk ergins Y oCre

The erergy re’e2ase rate for ozure meoe 1D TnoTmis Case s ogeterminec Dy
asymmetrica’lly ‘cacing a spift-Tarmimata team osgeCiTen, Figure 1D snCas tne ZUS
test configuraticorn ard assaciatec Test carareters. _rnedr odeam trecry anc
Tinear eiastic materia’ Henavicr are ass.Tes Dy tne ardlysis. A complele
explanation of this ara'ys’s can bhe founc in reference (3. from this

ara'ys’s, G-y can nhe excressel Iy

k3
+

P
o
m

by

P is the 1oad app’’ed at <he Crackecd engd 2f the hHeam fsze Figure 3). The axia’
AY .

modulus Ell Can a’so> be shown fc de

? 3.3
£,.= " { 3a7+ L7) {5)
- 2 bsn
where 3 is the tota’ beam ti5 deflection.

Area Methoc

—a

[n a'l the methocds of data reduction previously described, the critical
energy re’ease rate was calculated by knowledge of the critical loac PC at
onset of crack grewth, ar¢ tne crack tength 'a’ prior toO crack extension.
Therefore, Srre s a measure of the enmergy required to initfate crack
propagaticn. However, as t*the crack propagates, GI{c does not necessarily
rema’n censtant, in whicn case a propagaticn and arrest va'ue of GIIc can
arise. Ar alternate arpreacr for evaluating the fracture toughness is the area

method. In this case, G;- s interpreted as the energy required to create a

new cracked surface area. G;r can then be given by



G, = —— (6)

'

s the area netween tne 'cac-cdef'ection curve for ‘cading and unloading for
a very sma’’ charge :a 0f crack grcowth (see Figure 2). An important
acvantage c¢f tnis methos fs tnat oan'y elastic material behavior is required to
nredict SII' Thereicre, for cecmet~ica’’y non-linear anag/or non-‘lirear elastic
material resporses, this metnoc gives an average energy release rate for the
observed Crack extensicn, For unstadb'e Crack growth, it g'ves an average value
for GIIC which +tyroica’’y fa’’s hetween the initiation and arrest values
measured for 1irear Dderavicr. Tne lcac-displacement record should return to
the origin to guarantee tnat ~¢ sigrnificant far field damage is included in U
cf erergy dissipation in far field damage in
the fracture erergy ter™ | r Ig. € wcu'd ¢ive an erroneously high estimate of
For materfa’s wrere G- fs frcepercert of crack growth rate, and crack
growtr cdistarce (f.e., systems witn minimal fiber bricging and/or platic
waxe), the average and ‘niziaticn GII sheould be identical. Furthermore, where
S1Ow S$tan’e Cracx growth occurs, the average GIIC calculated from the area
methoc shoulc ecual the S.o. for frnitiation calculated from linear beam
thecry. Arcther acdvantage of this method s that Gy, s obtaired without
knowiecdge of the materia’'s elastic properties and it is always given by
Equation (6), regard’ess of the test configuration used.
EXPERIMENTAL PROCEDURE

SpTit iaminate bheam specimens approximately 152.4 mm. long, 25.4 mm.
~Ce, arc 4.22 mm. thick for the end-notched (ENF) test and 292.1 mm.long,
25.4 mm, wice, anc 3.05 mm. thick for *the end-lcaded sp’ it laminate (ELS) test
were cut frem 28 ply precracked laminated parels of Hercules AS4/3502 and

Hexcel T6Cl45/FI185 graphite/epoxy composites. The starting crack was

‘ntraduced on both parels by means of a tef'on insert 0.127 mm. thick.
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luminum and brass tabs were horced to tre cracxec end of the tilS test
specimens with a mixture of ZASC! structira’ aches’ve and Bl curing agent. An
UN-10-A gray brittle coating was a’'sc appliec to the lateral sices of the

specimen to faci’itate monitoring crack lccations.

£nd-Nctched Flexure Testing

Five specimens feor each grarmite/encxy System were tested using a three
point herg Fixture with oa tota’ lergtn o 1ZL.T Tm. attached to a c'csed coo
servgo-hycdraulic test machice . PriZr T3 T28Tng, the sgecimens were pre-
cracked in orcer %0 Drovice a shary Crack tip frem wnicn to initiate tne moce

N

IT fracture. _cac ceoint cisplacerents sere measured Dy the ram discoacémenrt

1)

and lcads were moniicrec Dy & ZZ705 N, Tgag ce ea’ time ana'cg T'2ts ¥ tre
‘cac-ceflecticn Curve wBre Taze Cn AN x-y recorier. [ne tests were lCriucted

by peCsitigning tre sfecimens fn tme Irree-ncint odeng fixture sucr trat tne

ccation oF tre Cracx LD TS aroroximate’y TiCway hetaeen Lne fenter arg cre

0f the outer Tcac’ings o7ns. .mcer CJUoolacement conitro’ conditicns and a ram
rate of 2.5% mm/min, the srtecimens were 'gadecg unti’ ¢e’aminration Crac< growtn

occurred. Then, tne specimers ~@re LnTCaceq.

Since machire stroxe  Zisplacement  was  used 0 measure  specimen
deflection, a magn‘ne ccmofarZe experiment was performed to make tre
necessary cdeflectign correctiors to the data obtaimed during the mode II
delamination tests.

Grre caiculaticns were mace using Equation (1) and measured compliances
after apprcpriate machire como’iarce correcticns had been made. It should be
noted that corrections assocated with shear compliance were not taken into
cons’deration because no re'ian’e values of the srear modulus Gy, were
available. However, these are vusiually small ard this omission was not
thought to have a significant effect on tne measured Gpp. values. The
measured compliances were obtained by curve fitting tne best straight line to

the data during the loading part of the test. fquations (2) and (3) were also



used to calculate GvI . 70 use these twO equations, a complfarce Calcsratii-

~
-

was performed w'th one 0Ff the ‘testec spec’mens. Fira’l,, Sre.ova st
ca’culated by tre area methcd were determined by means o fouatior (€, Tre
energy absorbed “n the creation of 3 new Crackec $.rface «as agproximated
numerically by integrating the area uncer the lcac/ceflecticn curves chta’req.

End-toadee Split _amimate Tegting

TwD spec’mers “or 2acn craphite/ 20wy SySUEm ¢noser for o tnis st ly were

£

tested “n a mede Iy/moce I fixture atTacnesc 0 a Ciosec CCcp serve-hycraulic
machine. A mcce . precrack was ‘ntrccucec tC the specirmers 0 sharpmen tne

initia’ crack cre

fu

ted Dy the feflgm ingert ang 1) provice an nitiagl crack

‘ength tc beam Tergtn fa/l) ratio of approximatety CLEE

2
3
[4¥)
b
(D
wn
¢t
59
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D
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=
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growth 15 expectec

Mede 11 celamiraticn testing was  dore  orger Cisplacement  contre
cerditions at a rate of 10,16 mm/min arc 6.35 "m/min. _Cads were recorcec witn
a 445 N loacd ce’'. OFstlacements were moniigrel osing the ram cisplacement of
the test mach’ne. "ne *ests were corcucted by lcading tne scecimens until the

4

Crack was a’‘owed t0 grow aprreximate’y 10.16 mm to 38.1 mm. At that poirt the
test was stoopec and tne rew crack location marked ard recorcded. This
procedure was receated several times with the same specimen until the crack
tip was acproximate'y 12,7 to 25.4 mm from the uncracked erd.

The critical erergy release rate GIIc was calculated by means of
Equaticns (4) and (6). The axial moculus £,7 was calcu’ated from the lcad-
deflection test cdata anc Ecuation (5)., The energy absorbed in the creation of
a rew cracked surface was approximated numerically by integrating the area
under each loop ‘n the 'oac-cdeflection curves.

Firite E'ement Analysisg

The stress field in the vicinity of the crack tip of a split laminate
beam specimen uncer moce Il and mcde | w~was determined using a finite element

analysis. This was a linear analys‘s made with a finite element algorithm




[§5)

developed ny Henrixsen 8!, The a'goritrm ‘s hasedg on a noniinear coce uodatec
y

with lLagrangciz~ formulation using six  and/cr eight nocec fscraramenr’

@]

glements witn t.o ceqrees of freecom rer noce.

To overcome the ¢ifficuty ‘mposec by tne sirgularity at tre crack tiz, a
substantia’ refirement of the mesh in the vicinity of the ¢rack tip, anc the
gse ©f trfamgu’ar s'x noced elemerts arounc tre Crack UYp with mid-sile noces
giszlaced o Tne TLartar potfrlonhas neen Itne. meSe Crack tip etements contatn
a sinrcularity of tne form l/,r , Travicing a stress fie’d w~hich agrees witn
the ‘thepretica’ stress singularity ©f T“inear fracture mechanics. These
sC cornta’n rigic bedy mction  and  constant  sitrain  modes,

~ 1

C. mcces ancd 2894 elements ang can be seen

(&Y

‘n Figure . Moge I oToacing was simutatec oy annlying @ symmetric 'cad at tne
cracx<ed en¢ 2F ftne mesn. Moce I Toacteg was ntrocuced by asymmetrically
Toacing tne crac<ed end [ELS tes:i).

The materfa’ preperties ysec n tnig Findte element anal,sis were from
typica' preroerties of unioirectiona! ASI/3EC2 graphite/epoxy ceroesite. Lirear

5

beam tresry as we’'l as

4

‘rear elastic material bernavior were assumed  ‘n the
analysis. Stress ccrzcu~ plets were cobtained from the output data and tne
stress  distribution was plotied as a function of distance aheac of the
crack tip.

Scanning €'ectron Microscorny

Split laminate specimens aporoximate’y 30.5 mm. leng, 5.1 mm. wige, and
1.02 mm. thick of Hercu'es ASS/3822, arc¢ 3C.5 mm. laorg, 5.1 mm. wice ang 1.27
mm. thick of Hexcel T6C145/F 185 graphite/epoxy composites were cut frcm 8 ply
and 6 ply laminated parels of tnese %we materials. Specimen dimensicns were
determined by the space allowed by the tensile stage of the scarning electron
microscooe, and stable crack growth criteria (6. All specimens were pclished

with 0.3 alumina powder and cleaned ultrasonically in a scanning electron



microscape Fregn 113 so'ution narmiess Lo the resin,

Mode I coservatiors of the delamiraticn fragiure DroCess were getermined
us’ng rea’-time coservatiorns n the scarming elecircn microscope. Mode
celamination was acnieved hHy means o & especia’ly designec three point serc
fixture instai'ec I the tensile stage 2¢ tne scarning electron micrescece. T2

onfirm that these rea’-time observatiors «ere representative  of the hHulx

(]

delamiration Heravior 20st-moriem studies were oerformed.

ATl surfaces ~ere ccated w~ith a IS0 ancgstrens thick gold/paliacium fiTm
to minimize charging effects associated ~ith the noncorductive nature of tre
ecoxy res’ns of tne composites. Tre exterimenta’ resuylts were receorded on bhotn
vigeg tape anc ¢cn standard tri-x Film,

RESULTS AND DISCUSSION

Tab’e 1 shoas tre ENF test resuits for both graphite/ercoxy systems

fnvestigated. Metnocc I corresoonds IO ... values obtained using beam thecry

m

gquations {fquatier (1)) anc measurecd compiances. Method [ results are basec

O

on the comp:iarce calibration (Ecuaticrs {2 and (3)). Method 3 refers to cata
reducticn based on the area metrod (Eguation (€)) and the energy dissipated
uncer the load-de“’ection curve. Delaminazion crack growth occurred at typica)l
load values of 85€ o 612.5 N for AS2/2EC2 graphite/epoxy and was unstable for
this material. Figure 4 shows a typica’ load-ceflection curve of AS4/3502
grapnite epoxy shcwing the sudden crep of load as unstable delamiration
occurred. This ingicates that the Gl[c values measured using the area method
will nct anly “nc’uze  the  emergy recuired  to. Create a crack surface but
will 3's0 inc'ude energy dissicated ‘n dyramic crack growth processes. The
very sma’l norlirearity Just prior to Crack extensicn s prebably asscciated
with the gdeve'ozmert 0f g crack tip damage zore.

N

The average critica’ erergy release rate Grr. for AS4/3502 using methods

. . 2 ; 2
L, LD, arg 111 0f data reduction were 560 J/mz. 648 S/m°, and 613 J/m“,




respective’y. These values are a!’ «~'tnin 1% percent o ffererce 0f eacn other,
which can 2e consicered within <ne experimenta’ error associated with tne
different metrccds ¢of data reduction. Ir fact, Murri and J'Brien nave indicatec
that GEIC measurements may vary «~° tn method of data recuction up o §% .itn
ro consistent pattern n the varifaticn (101,

Ficure § shows & *typica’ oacd-ceflection curve obtainec for mecce Il
ge’aminatior tastinc of =% craprite/epoxy. (rack grcwtn was $2id’e 23
seen n tne yrraer cart oF tne Curva. —Cwever, tne point at which Crdck growin
pccurrec s not we'' gefinec. Therelre, the maxiTum Tedd reachec Juring eacn
test wasS J4Sed tC estimate tne Inset IF IYack QvCetn. Tnese va ueS wers peltaeer
1350 ance IE37 N, Tme curve a’sI ‘ngigates an imelastic beravicr of the
materia’

- S e ~ - - - + il - < -
[ - reTarn s lte Zrogtn). rpresire, 4

the 3assumpTiors CoF ftre 2%t mave J2en v o

(oY)
[
(89
3
ct
wy

3

S

CL'C he rcted that tre
‘cad-ceflecticn Ccurves @t oifferert Crack Tenging usec for tre compliance
calinraticn a’'so srowed r~cn-"irear ae-ayvior, Tre G::A values crecdicted by
methcds I,
obtained Sy the area metnol ¢Yves a Ddetrter approximatien pof trhe critica
energy re-ease rate GIIc because at 'east tne cgecmetrically non-lirear

behavior of the specimen ‘s taxen inta consideration by this metncd. The

el
Aann T

ca’culated averace G.-. 20F 2200 O, srou’c De censidered an upper bound

estimate of *ne mocde Il critical enercy release rate of TECL35/F185 because
the inelastic beravior s not acccurtec for in this anmalysis. A J-integral

approach nee¢s to be deve'cped to obta’n a more meaningfu’l measure of the moce

——
[

delamination Fracture tCughress oF this system.

Enc-Loaded Split _aminate (E.S) Tegt Resy'*s

The E_S *est results are seen in Table 2. Methog [ corresponds to Gy

Ic
ca'culated using Eguation (&) ard w~itn £, ca'culated from Efquation (9) arg

test data. Metnpg 2 corresnoncs to the grea methed (Ecuation (B)). An averacge

/

Ell 0f 125.5 GPa for AS4/35C2 and 179.3 (Pa for T6L145/F185 were calculated.




Figure © shows a typica’ "cac-cef
the ASG/3E8Q02 specimerns. As seen “n this figure, Urstab’e Cric< GQriwath i
cbserved for the < rst Crack extensicn desoite tre (a/l) ratic o at leas:
.55 dntroguces o a2t LS scecimers Curing the mode [ oprecrack core origr 1o
moce II testinmg, wniCn oaccording to the stability consicerations of  tnig
‘cacing arc gecmelry sncuC have deen stab’e (81, This is prohanly tre resylt
of the agditicra’ erergy stirage n the “ixtures. Ncerlinearity, escesia’ly at
gisplacements goveatsr  Trar 50,8 em, rmay  a'sc he  associated witn  tne

imitatiors ©f Tirear neam tnecry used fr tne stanility analysis. An 4averace

Grro cf 535 J/m= (metrcc 1) and 543 O/7° (metnoc II) were founc for 2S2/2502.
hese r2su’ts ar2 Aitnin 1T rpercent gifference ©f each otrer =“Cwaver
ConSilierin e §I3TT2r L35 28227 n T2 Evjc data Trem eacn speciten (Tan'e
2V, Tmis scatter s ozelfevec too e e resu’t 0F the nigh degree oF errer

TODvYITAates. Im o ICmTrast, thTs osCatiar was very smalt o in the INF resglts, A
ek tac-cefation curve for TETIIRJRIZE 45 seen in Figure 7. Stanle
Cral< Iv2at™ S5 g¢nservec “or a’ ' Tcac/urTgad Taces. This s evigenmces by tre
STCOIT Zelrease2 togading rate ‘ol lcwed 2y a cdecrease n 'oad until thne crack

wdS drrest2r, [t snCeL’c e motec that U s not known when crack growtn
starter during tmts prgless, wmich was a coTTmen uncertainty for this material
for botm tyres of mece 11 tests. At C2ast scme of ‘the observed nonlinear
beravior s Zue tC frelastic teravicr since the tre curves fail to returned to
the 2ricinm as tre snecimen ‘g _nzaced. Nor'fnear beravior asscciated with the

N

are a’sd oidservec for deflections greater
he averace Toce [ erergy release rat2 va'ues for T6C145/F 135 were found
L0 be 2275 C/7° (metrog 1) ane 2080 O/m (methoc 2). However, a systematic or
-- for metrec [ ocan be observed througnout the test.

'S s tre regyt of te2 nonliesaries fnothe Tgac/deflecticn curve seen in
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Figure 7. Althougn tnis non'inearity Is "ess severe than ‘the ncrlinearit,
observed for this materia’ c<ested using tne EINF test, ‘v is syfficient to
invalicdate the cata aralys’s dore using Tinear beam theory (methcg 1), Tre
scatter of <the resu’ts for- metncc 11 {area metnoc) ‘s mere randcm and s
associated with Zre experimerta’ dif€icu’ly in chtaining a precise measure of
the change in crack length. However, these va'ues are an overestimation cof
GTIC becausa the Ccurves c¢id ngt return o the origin as the specimers were
un’oacec.

A comparison of the results precicted using hoth test ccnfigurations
ingicate that for ASS/3BCZ (a brittle compesite) similar results were chbtaired

-

/F185 n3th the ENF ang ELS

(B2

for the ENT gng IS tests. In ceontrast, for TECIS
test do rot give va ¢ resc’ts since cre assudmptions assoctatec «ith each tess
method were vigat2c. Tnerefore, fn grger o orgner’y characterize tre
fracture toughness <° this material anc tougner granrite/epoxy compesites in
gengrat, an ana lysts which a’'ows for materta’ angd gecmetric nonlinearity sucn
as a J-irtegra’ ‘s neeced. 1t ig worth noting trat similar resu’ts were
cota‘nec for the ENE oanc SIS wner Zata was aralysec Usfrg the area method.
However, 5otr res.’ts snou’l be corsicered upper boungs of the mode I

critical energy re’ease rate f the material,

Firite Flpment ira’,5'g

Figure 8 shoas the “infze elemert resu’ts of a split lamimate beam
specimen tested uncer oure mcde ! conditiors (doudble cantilever beam test).
Figure 8a is a stress ccntour of tne norma’ (Syy) stress. A perfectly
symmetric stress conditicr s shown througn the beam thickness indicating the
expected mocde 1 lcacinrc. Tne stress 5 seen 1o rapicy ‘increase as the crack
tip is approached. figure 8H shows the Syy stress distribution ahead of the
crack tip at the midplane of the specimen. The Syy stress is a principa)

normal stress a'cng this p'ane and it rapidly drops off with distance from the

crack tip until it is compressive at a distance of 0.76 mm ahead of the crack




1

tin., Fima’ly, ‘t gracua’’y approacnes a zero stress 'evel at approximately 8

mm from o The Crack tie, Wnicn fs maintatned a't tre way tC the end of Tne beam.
Similar Denavior «as ooserved when the stress fie’¢ anead of the crack tip was
calcu'ated Sy means o a nign orcer tlate ftreory [ 1li. An “fdentica’ ‘oading
case bult assuming ‘sgiropic materia’ heravior, a’sc ‘ndicated that comoressive
stresses geve'orec ‘n the specimen areac of tnhe crack tip., This sugcests that

thege compressive stressss ar2 Zue to geometry and  lgading rather than

materia’ anisotrity. Howaver, ths Compressive stress state is not expected to

(@8N

significantly e““ect cde'amiration because *t ceveiops far enough away from tne
¢rack tip. The zZasmed Tire a’se seen in Figure 95 ‘ngicates the magnitude of
tre gnear stress Sxy, wnich s s2en t3 ne zerd everywhere alcng the
ge’aminaticn 2are for tre mece [ lgacirg. Trerefore, tnis confirms tnat a

. M ~y s P i~ T P H
r2 g az’mg magroscocioa 2oes i

sa: cooizat Ty, cesc ¢'ve a rpure mode !
Jelaminatior §Tvess mICrIsCCInicd’ Ty arcunc tre ¢rack tip,

Gure ? shCws tre resu’ts °F a st Taminate heam specimer sublected o
an asymmetric cacirtg case C©f pure moca [I o concition. Similar to the normal
Stress .rncer mole [ocorgiticns, e sma2ar §tvress s perfectly symmetric across
tne Dbeam thickress suggesti~g & pure moce ! loading condition on the
specimer, as seen in Figure %a. However, the snape of the stress fielc appears
more na-rrower and elongated than for mode [ loading. Figure 9b sncws the
stress field as a furction of distance area¢ of the crack tip. In this case,
the shear stress can be seen o menotonica’l’y decrease to a constant value
which extends all the way to the end of the beam. The dashed line ingicates
the norma’ stress distrihution a'ong the delaminaticn plane *to be zero; i.e.,
macrosconic mocde [l 'cading does inceed appear to give a microscopic moce I
stress along the delamination plane. As can be seen, the shear stress abead of
the crack tip for meode Il loading decays much more slower than the norma.
stress for moce | loading. Furthermore, for mode I! loading the extent of the

stress field above and below the delamiration plare is much smaller for mode
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[I than for mode [, as seen “n the siress contours plots. This resuits are
consistent with the SEM observations of damage zone size and shape to he
reported in the next section,

Scanning Flectrcon Microscopy Thservations of Mode I! delamination

Figure 10 corresponds to real! time observations uncder moce Ii
delamination of AS4/3502 graphite/evoxy. Fiaure 10a shows part from the damage
zone ahead of the c¢rack tip which ceve'oped as the specimen was being loaced
(‘eft side of micrograph). This damage zone is characterized by extensive
microcrac<ing anc it was found to e at least 180 um long and extending about
5.m above ard 5 .m below the nlare of deiamination, and resembling the
shape of a Cugdale type damage zone, long ancd narrow. This elongated damage
zone 15 at least twice as long as the damage zone reported ahead of the crack
tip for mode I delamination 0f the similar material AS4/3501-6 [12'. This is
probably because for mode II, the resin rich region between plies behaves like
a soft material between rigid plattens with all the strain being localized in
this region, and also because of the s'ower rate of cdecay of the stress field
uncer mede !I compared tc mocde [ reved’ed by the finite element analysis. The
hackle formation process often associated with mode [l delamination of
composites made with relatively brittle resins can also be seen in Figure 10,
First, microcracks start to form at approximately 45 deg. to the plane of the
plies (Figure 10a), perpendicu’ar to the principal! normal stress direction.
Then, macroscopic crack extension occurs as the sigmoidal shaped microcracks
begin to coa'esce, forming the hackles (Figures l0a and 10b). During this
process, some resin deformation must have accompar.ied the coalescence of
micrccracks into hack’es as the gap between adjacent hackles results from
rctation at the base when microcrack coalescence takes place. Note how the
fina' hackle orienta‘cn is steeper than the 45 deg. angle of orientation of
the nitig) microcracks ¢rom which the hackles form. No clear indication of

¢crack growth direction is given by the hackle orientation on the fractured
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surfaces. Arrows at the upper left hanc corner of all micrographs indicate
crack growth direction. Figure 11 further illustrates the difficulty in trying
to infer crack growth direction from hackle direction alore [13],

In-situ delamination observations cf T6C145/F185 graphite/epoxy are shown
in Figure 12, where the camage zone develcred aneac of the :Irack tip as the
material was being loaded is seen. This camage zone was approximately 1000

.m long and extended at least 25 .m abcve and 25 .m below the plane cf
delamination near the macroscopic ¢racx tip, progressively decreasing to about
50m at the end of the damage zcne. The damage zone 1is characterized by
extensive microcracking. It s a'so approximately 15x larger by area than tne
damage zone for AS4/3502, incicating that much more energy Js dissipated in
the delamination process for this tcugher material (T6L145/F185). Note a'so
that the microcracks do not coa'esce *o form hackles as the macroscopic crack
is created. Instead, the resin extensively deforms as the localized strain
increases until a ccmplete separation of the surfaces occurs due to loca!l
yielding (Figure 125). Note *he large strain undergone by the resin in areas
well above and below the resin rich area where the crack formed. The extensive
resin deformation and large damage zore observed explains the non-lirear
behavior observed in the load-deflection curves for this material (Figures 5a
and 7). Furthermore, the much greater resistance to delaminaticn of
T6C145/F185 compared to AS4/2502 measured for mode [l loading (2260 J/m2 vs.
540 J/mz) is consistent with these observaticns. The long narrow shape of the
damage zone for both systems is consistent with what one would expect based cn
the finite element analysis.

Post-mortem fractography of tre fractured surface under mode I
delamination of AS4/3502 can he seen in Ffigure !3. The most significant
artifact observed in these micrographs are the hackles formed on tre
fractured surface. Note the feather like appearance of the hackles which have

developed at a very steep angle (larger than the 45 deg. angle at which the
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microcracks were observed to develop during the in-situ observations). See
Figure 13a. Therefore, the hackles undergo some rotation before ful)
separation of the fractured surfaces occurs. This is in good agreement with
the final hackle angle orientation from the in-situ observations (Figure 10)
Figures 13b and 13c show the deta‘led river pattern markings that develop on
the surface. No clear indication of crack growth direction is seen from the
river pactern markings on the hackles or the direction in which the hackies
point (Figure 10a). In fact, the direction the hackles and the river pattern
markings point wil' be determined by whether microcrack coalescence occurs on
the upper or lower oourcary of the resin rich region between plies, and this

is a random prccess.

=
-

Post-mortem cbservaticns ¢  the fractures  surface unger mode
delamination cf 76LlAS/FI85 composita car oe sesn ‘n Figure 14, Note the
extensive rarcom deformatior uncergine Sy tne restn Snofcatirg that the resin
failed due to yie'dimg insteac c¢f tre nritie t,ze “a‘’ire Teacing to hackie
formation of the mere Dritt’e graznite ancy,  3,5%ams s_chas AS4/3502.

Correlating these figures »%tn Figure 17 “rzm tre smoi-t. Zoge

3

vatricons of this
material, t can D2 yeri el tnat tre mUIedivii«c formet (in-situ) do not
generally cca'esce Lo form nackes, Ratrer, a MUt move JuctiTe firgl fracture
is noted.

As it has bheen shown a&'reacy, the c¢ritilz’ erer:, re’ease rate for
T6C145/F.85 s arcproximate’y five tirme. arger Than far ASS/3502. Therefore,
it can be inferre¢ that a’tnhcugh the formation of nack'es provides a more
tortuous path for tre cracx eac’ng o ar ‘ncrease ‘n fractured toughness in
brittle composites, extensive resin deformation arc yie'ding play a more
significant ro'e in the fractured toughness resistance of  tougher
graphite/epoxy systems. In fact, the reported fracture toughness of

T6CL45/F185 under moce [ conditions where 'ittle to no hackle formation is

cbserved is similar to the fracture toughress of the material under mode 11




conditions 14,

CONCLUSIONS
(1) Both the ENF and ELS test give similar values for the critical moce 1!
energy release rate GIIC' However, since elastic material behavior is assumeg
in the analysis, the Giic results for the ductile ccmposite are somewnat
uncertain because a small permanent deformation was observed.
(2) Different size and shape of damage zone observed when comparing moce I to

ifference ‘n the size and shape of the stress

(oW

moede I fs consistent with the
field predicted by finite element analys’is.

(3) The damage zore ceve'cped areac ¢©f the crack tip at the onset of crack
growth uncer mcce [I delamination concitiions s much larger by area for the
composite made using a more cuctile epcxy [(Fl25) than for the composite made
with a hrittle epoxy {3502).

(4) The formaticn 0of hacxies orcvices a more tortuous path for the crack
lead*rg to arn increasecd resistance to ce’amination under moce [[ concitions
comparec to moce [ for brittle compesites. However, trhe extensive resin
deformation and yielding plays a mgre significant role in the fracture
toughness resistance of tougher composiies giving essentially similar fracture

v

toughness va'ues under mode [ and moce Il conditions,
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Table 1.- Enc-rotcred Flexure (ENF) Test Results.

. 2
Grre (/7]

Matarial Specimen I I ol
AS</38C2 N 525 €23 €12
2 503 £30 5335
3 5ed 832 €13
3 533 6482 630
Ay, 543 645 613
* *

1 - - 224C
2 - - 2695
2 - - 2485
S - - 1995

Av. - - 2398

* NC Catutatien of 37‘c. is posioe due to significant roniinearity in
cac/def =Ition curves. 1T one uses linear porticn of curves to measure
o ia

compianca ang Po.. fOr crack extensicn (figroring nenlirear benavicr rear
Pmax)s S1-c lower DCurg vaTues of 1225 may be calculated.
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AS4/3502 testec using the EINF

T6CLL5/F185 tested using the ENF

FIGURE CAPTIONS
Figure 1.- Moce test configurations.
Figure Z.- Alternate Interoretaticn of G.
Figure 3.- Finite Element Mesh.
Figure 4,- Tipical! loacd-def'ection curve of
test.
Figure 5.~ Tipica’ Tcac-deflection curve of
test configuration.
Figure 6.- Tinical lcac-cdeflection curve of

Figure

Figure
Figure
Figure

Figure

Figure

[
(9%

,A
I

test configuration.

Tinfca'l Tcac-deflecticon curve of
test configuraticon,
Finite glemer*t mgde results,

Finite elpmert mcee
Mode 11 in-gity
Moce I in-osgit
Mecde 1D inosity
Mode 11
Moce 11

de'amiration ¢

ce'amination o

Tl results.

H

-

hl - 3y
de’aminraticn of
POst-meortem fractegrapry

DCst-mortem fractogranhy of

AS4/3502 testec using the ELS

T6C12E/F155 tested using the ELS

AS4/3522.

AS4/3501-6 [ 131,

T 14 1R
TeClag/r1Es,
o€ ASAa/38C2.

TeCla5/F 188,
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(b) ELS test
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Figure 14







